SECTION 


z 
U 
< 
z 


Table of Contents Continued 


Temperature Dependence of the Hardness of Secondary Phases Common 
in Turbine Bucket Alloys J). H. Westbrook 


Shear Along Grain Boundaries in Aluminum Bicrystals 
SK. Tung and R. Maddin 


Intermetallic Compounds in Titanium Hardened Alloys 
H J Beattie. Jr ind WC. Hagel 


Hydrogen Distribution in Heat Treated Titanium as Established by 
Autoradiography 


Huber Got A ng, M. Pobereskur 


Blister Formation in Rolled Aluminum 


Abrupt Yielding and the Ductile-to Brittle Transition in 
Body Centered Cubic Metals 


Diffusion of Magnesium, Silicon, and Molybdenum in Nickel 
Rk A Swalin, A Martin, and R Ol 


Determination of Orientation in Magnesium by Polarized Light 
Examination L._ Couling and G. W. Pear 


O'Dette 924 


Effects of Compression and Annealing on the 


Structure and Electrical Properties of Germanium 


Germanium has been compressed under various conditions and has subsequently 
been annealed. These studies give direct evidence of the operation of the dislocation 
mechanism of plastic flow. No evidence of recrystallization has been found, but a 
domain structure composed of small angle boundaries is formed by large deformations 
at high temperatures. Annealable acceptor centers apparently due to point defects 
have been found and studied. 


by E. S. Greiner, P. Breidt, Jr., J. N. Hobstetter, and W. C. Ellis 


YTUDY of the plasticity of germanium or othe: cribed here include principally the compression and 
emiconductor crystals affords unusual oppor the subsequent annealing of germanium with con 
tunitie to extend our knowledge of deformation comitant studies of eteh pit microstructures, and 
mechanisms. Crystals are available having extrao electrical properties, Both single crystals and heavily 
dinary perfection and very high purity. They deform twinned specimens were used. Some indentation 
by slip on the systems {111 110+, ° as do crystal tudies are included 
of the simple face-centered-cubic structure. Dislo 
cations generated in them during slip are easily re Experimental Methods 
vealed in the form of etch pits on either {111} oF Plastic compression was effected in the apparatu 
100 urface This fact alone make possible hown schematically in Fig. 1. It consists of two 
more detailed studies of mechanisms than is usualls tantalum platens contained in a helium atmosphere 
the case with metals but. even further. the effect of and so arranged that pressure can be apphed by a 
deformation on their electrical conductivity is very hydrauhe pre Phe specimen between the platen 
large compared with metai rhis comes about not is heated by the surrounding furnace. The specimen 
only because the mobility of the charge carriers i is usually a small crystal cube about 0.40 in. on an 
reduced. as in deformed metal but also because edge. A control specimen is always inserted so that 
the number of these carriers is greatly altered. Thi itis subject to the same thermal cycle as the one be 
latter effect seems closely related to the formation of ing deformed. Thi erves to detect any impurity 
both line and point imperfections during deforma contamination that might accompany the thermal 
tion and thus provides a needed tool for the study of treatment. For high temperature work, where such 
the kinds and distributions of these imperfection lnipurity contamination often occur thie pecimen 
Other investigators have deformed germanium at were first plated with pold whenever subsequent 
elevated temperature by bendins compre electrical propertse were to be determined. Thi 
ion tension torsion.” and indentation method is effective in preventing sipnmificant con 
Wang and Alexander’ have also re ported successful tamination of germanium up to temperatures at least 
indentation at room temperature. Dislocation etch as high as 790°C, as evidenced by the constancy of 
pits consequent to deformation have been observed the electrical conductiviti of control specimen 
and studied The experiments to be dé ubjected to the same heat treatments. The total 
range of temperature used for deformation was from 
E S. GREINER, Member AIME, P. BREIDT, JR, J. N  HOBSTET 375 C the lowest at which significant flow was ob 
TER, and W. C. ELLIS, Member AIME, are associated with Bell erved, up to 900°C 
Telephone Laboratories, Inc, Murray Hill, No J Microscopic examination was made after mechani 
TP 4452E. Manuscript, June 16, 1956. New Orleans Meeting, cal and chemical polishing and etching. Dislocation 
February 1957 pits were revealed with CP-4 etchant by the tech 
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‘ 
the more remote, unetched irface. There is obvi- 
4 CO!) Ii between lip and row 
- }- of etch pit This f ire offers conclusive evidence of 
thie torave of dislocatior the active lip plane 
; themsel ve Patel and Alexander” have reached the 
ime conclusion 
Recent! S. G. Elh hus dese 
‘ | | (Ellis #7) which reveals not ¢ 
developed by CP-4,. but nume 
urfaces of undeformed germal! 
+} 4 th re 
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pits im the 
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| ’ 
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Mumm ship plane us the do in Vogel bent 
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nique of Vogel, Plann, Core ind ‘Thomas.’ Exam the dislocations from the complex stressing by In 
nation for distocation Nas made infaces parallel dentation are not in pure edge orrentation nor are 
to , plane Ho most instanes Onientation rela they of one sign 
vere estal hed by the we nown 
nper technique.” Electrical cond 
ait srry attire withi 
V Phe type of 
thermoelectric probe ere 
of the compre ed 
ied out in quartz tubes 
phere, and again gold plating wa ca 
fo unvestivate the mechanism of flow in the lowe 
femiperature mige of plastierty ! ! ! 
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Phe few wee circular markin are pits de itv was then measured at room temperat 
a nthe « tala rown. the man dislocation pit density chanwe Wil dete 
mall pout ive’ formed only ifte leformation and countin pit on the (111) plane The result ure 
e-etehing with CP-4. The latter are always aligned hown in Table I and in Fig. 9 
slow thre lip plane trace and the appearance on One of the chiet re ilts is the neredast nm disioca 
tw re of observation how the ire tion density between two ind three orde of ma 
crated with the {111 lipo polar nitude brought about by the deformatior which 1 
I how i mitli peciumen that has under in agreement with the work of Patel and Alexan 
cone i idient etel that 1 the etchant has been det The increase ts about thi ame at both tempet! 


Fig 2—Etch pits produced by 
CP.4 near indentation on a 
{111} plane. Note delineation 
of slip planes. X500. Reduced 
approximately 25 pct for re 
production 


Fig. 3—Gradient etch near in 
dentation of a {111} plane 
showing how slip lines, when 
etched with CP-4, turn into 
rows of pits X1000 Reduced 
approximately 25 pct for re 
production 


Fig 4—a) LEFT. slip lines; 
and b) RIGHT. pits revealed by 
Ellis’ etchant #7 near inden 
tation ona plane X1000 
Reduced approximately 25 pct 
for reproduction 


J 


Fig 5—a) LEFT: pits re 
vealed on {111} plane by CP.4 
after 25 pct compression at 
525°C. b) RIGHT: Same after 
subsequent annealing for 60 
min at 725°C X1000 Re 
duced approximately 25 pct 
for reproduction 
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‘ - 
‘, ind examined at X500, F f 
a) } Domain boundarn cor tin of dense row ol 
ocutior pit ippeat tunes to be pur- 
t+ allel to the direction 
plane With the 
ich rows of disiocat 
tution only local me 
tweet ime meal 
quite close to the 
pattern resulted. The order of 
In 
Recovery 
ar 
ate thi 
tal 
ool thie 11] lip althou 1} pel ‘ 
keal n the case of Vowe 
bent tuls « the present indented one ‘ 
er vere f mnealed at 725 C and 
thy tie rial ! ! pot ti 
worn ont atte tated inte that ten | 
ye ture. These results are also shown in Table I. It . 
‘ that eon dishoeation det t 
wee that ever ifte anneal fe GOO rain the 
cute till about two onde f ma 
i ‘ ry der L hve lecreuse 
eon te ecu rite? eanceellation of ocu 
tient n and leads to the formation of a 
‘ The f 
rhe | rie ‘ «ter ree 
these d eatior io not all nee contain edge malls 
corny rent vould mot bye pected m dadetorn 
ite Viil thie p>) plane i nm bent altes 
‘ to store 
Phe conduct ty change ne deforma tor 
tion and anneulu ‘ he discussed in a late on too low to induce the formation or growth of 
tion It iffices to note here that tl ‘ hare wre 
tent with the view that deformation introduce 
~ 
‘ i ‘ ermaniun ‘ A, 
deoree and temperature of deformation. Aft < Lad os. 
een OF rel heal ivface mod oa thr 
fistinet | nment of pit ilo lip ne trace ol J 
ibout 600°C produce intensified markit ind 
»* . 
ndieate the formation of a ra e of orrentation n 73 ~ 
‘ i in a pet ~ ¥ 
brought about at } h temperature B00) to G00 


The tructural change 
rermanium are 


p-ty 


pol 


centet 
A 


author the 


Con 
con 
hay 
duc 


mo 


pat 


compre ed 


cor 
tio 
for 
te! 
to 


in 


ently annealed out 


ted. Thi 


rhe reason for tl 


torage is not immediately evident 


Effects of Deformation on Electrical Properties 


deformation 


produce d by 


accompanied by lat lang 


trical conductivity. A decrea 


conversion of n-tyy 


and a 


ot n-type 
ult of deformation have beer 


pr as5are 
can only mean that aces pto 


middle 


Conve! 


level 


be low the 
deformation 


re port by 


having 
ire introduced by 
tension to an earhet 
effects of initial conductivity, 

temperature ion, amount of 


an 


of compre 
ubsequent thermal 
in detail. Measurement 
at room temperature 


ductivity 
treatment 


and 
tudied 


ipre 
e been 
tivity 
val of 


were made 
gold from the surface 
first the 
deformation and annealing 


conductivity change accom 


onside! 
iving the 
and 


pecimen described above 


how that 
occurs upon low temperature deforn 
upon high temperature de 


from acceptor col 


Phese data an annealable decrease 


ductivity 
n that doe not occult 
mation. Th decrease result 
deformed material afte) 
uch centers formed dut 
ve appa! 


cooly 


tored in the 
room temperature. Any 
the high temperature deformation ha 
before room temperat 


ined. On the other hand. the pit den 


Table |. Annealing of Compressed Germanium Crystals 


Temperature 
of Compres Compres 
sion, sion, Pet 


Annealing 
specimen Treatment 


ame during deformation 


t These esult 


ubstantially the 
n both 
acceptor 


the deformation-induced 
“ure rot the ad 


conte 


te poe rature 
Otherwise 


ved at 
ons themselve 
‘ would be observed 
ame dislo« den 
in both. The result 


room 
ame conduct 


ution 


must occur in at 


ut low temperaturé 


rapidly 
ilar cente! anne: 


econdly imuiatior 


deforms 


nter a roceed 


00 


pto 
with 


ith the 


ociated 
‘ 
shows the ¢ 


deformation on the 


TRANSACTIONS AIME 


how clear! 


Fig 8—-Effect of compression near 550°C on room tempera 
conductivity of germanium specimens having different 
showing accumulation of acceptor 
conductivity scale 1 002 (ohm 


tem 


ture 
initial conductivities 
centers. The 


intrinsic 


ongin of the 
cm the conductivity of germanium at the 
perature of measurement 

temperature the acceptors accumu 

h temperature 

This effect ts the 

annealing out thie 

ed. In fact eon in ‘Table 

mall compre on (2.5 pet), which 
out ta 


lation hi 


acceptor 


thi anneal 
fore the 


troduce 
tha hye ine ore be pecimer 


temperature 
tes theese 


from the compre or 
It is temptu to associa 
titial aton 


new centel with 


Many 


uch point 


and winter 
form the ob 


ron densit men network of atom iit 


defects mu Increase of 
disloc: 

(diamond) structure 4 


acked metals, inter 
Vacances 


hould 
titial 


paul (fh 
bombardment v 


aney-inter 


renkKkel red in permanium by 


particle also 
that 


at tempera 


ibatomeu 
kinalls iti 
read utter 


found tor the 


act as acceptor center known 
anneal out 


tent with those 
vhich 


med at hiy 


uch pu 


e not 


defor 
cribed 
tempera 


thew 


ll now be de 


nduced cente 
hand lov 
and 


annealed 


ties islocation den 


both 


conductlhivi 


mined Dhese results are also 


ible I temperature 


nduced acceptors an 


precimen 


t j | the deformation 


min. The 


nealed out rapidly in about conductivity 
men did not chanype 


‘ per 
dees ed vel lowly in 
more than 1O00-fold 
n after 60 


ned 
min of 
the view that the 
oom temperature are 
he number of dislo 

ily annealed 


dual decrease in 


annealed peo 


JULY 1957, JOURNAL OF METALS 817 


train-free grains, mall disloca 
U0) 
| 
of 
tt luctiv- | 4 
4 | N 
I 
of con 
after re 
lightly 
Tabk 
FEORMA N IN PERCENT 
= 
ct 
lat 
re 
thie 
it 
to. 5 4 
plu 
641 
ge i ‘ t oad uch that 
type ae tol ndium-doped 
type 4-9 of titial 
ure and 
anime 
‘ | 
ivil 
‘ 1 both specimens just mation 
u“ ity change were ob The | 
‘ also show that these ture we 
Centers orn) which is in part pre temperatu 
crved but which anneals out JOC (0) 
found sim in th Vid 
conductivity curves as functions of percentage of The dislocation densit 
compression near 3 C for germanium specimens of both specimens and re 
everal different initial conductivitie Evident! above the original der 
electror conduction 1 chen ised and hole conduction ‘The ‘ ilt 
increased by deformation in all these specimer It acceptor cents observed 
follows that the cente! even though the almost entirel ndependes 
alt not tored d hocutior herve tor then | and that 
thele amount of deformation at out atl h temperature 
50 C flect of temperature dur It may be pointed out that the 
the accumulation of these a conductivity obse ed in all tuly 


iest of our compressions at high tem- 
oduce definite domain structures in 
are delineated by walls consist- 
density of dislocations. These bounda- 
» be parallel to the active slip planes 
| conductivity changes are consistent 
that both dislocations and point de- 
mdduced by the deformation. At room 
' rmanium having conduc- 

(ohm-cm) the dislocation 
little effect; the point defects con- 


taritially all the effective acceptor cen- 


weceptor centers increase in number with 

deformation at low temperatures such 

25 C, but are rapidly anne aled out at higher tem- 
rature uch as 725 C 

Electrical conductivity measurements of ger- 

appear to provide an important tool for the 


of point defect 


Acknowledgments 


nbaum contributed to the early work on 

Fiq 9 Effect of compression at 525° and 725°C on the of germanium in compression. 
in, J. A. Gutowski, and D. S. Blackford assisted 
y experiments. Single crystals for study were 
hed by W. G. Pfann, twinned crystals by . 
ierer. Valuable discussion was had with D. F 
decres i | . T. Read, Jr., R. G. Treuting, and F. L 
Jr. iw the course of the investigations and 
results. The authors are also 

and B. H. Alexander for let- 

latters’ paper before its publi 


about 010 ‘ohm cm showing greater accumulation of ac 
ceptor centers at the lower temperature of compression 


References 


4 


Nead 


" 

I 


1957 


Discussion 
‘ RNAL oF 


818 JOURNAL OF METALS JULY 1957 TRANSACTIONS AIME 


. 
4) The hea 
perature 
the d 
ofa higt 
‘ ippear 
? vith the vie 
are nt 
> 
temperature 
tivit i low 
4 ecm to have 
lute) 
ter 
pt 
dy 
‘ 
| 
‘ particular it tower tempera eaution 
bisa elaborated a which a 
with fiat il distocation hie ‘ Review, 1952 44, p. 721 
n ed component. When these center trap RG. Treut JounNaL or Metats, 1952 4, p. 1044 
G Treut 1955 ol. 203, p. 1027, JouwnaL oF 
tive i itmded t positive pace charye nd E 
‘ ‘ nerenuse of electrostath J \ Met 1955 1. 3, p. 245 
‘ 
it out to be negiipable at room temperature Vogel, J Met 1955 p. 95 
i the t ‘ i vet w it Greine R ‘ 1953 ol, 92 
effect st th othe ised Pat im Ab der: A Met 1956, ve 
hie ‘ 
eke J 1 ’ ‘ 111, Jour 
« lence presented here that oom Tempera Be 
tire conduet measurement ermanium are r. dD. \ ! 195¢ 4. p. ae 
Cire ‘ LIME 7 1955 03, p. 203, oF 
tive to the formation of vacanct in 
gout the method be developed a Greine ind W. « Act Metatlu ‘ 
tend t tudy these pornt tnperteetion Phe work ccw iB. Alexande Acta Me 1955, vo 
‘ there be extended to elucidate 
me he i ‘ 1953 ‘ 92. 5 4 
method ‘ ‘ te « tion See also Ro A. Logan and 
1) ed I 1955 1287 
Gre we 1 925, vol. 117, p. 61 
ummary LL. B. Valdes: Proce LRE, 1954 42, p. 420 
leet { ermal im | te « i tion. See also W. ¢ Du wp 
‘ 2. No. 2, p. 9 
if ral compre on ta eveatied it ome Gt ed P 1955 26, p. 1140 
thy peratior f the postulated dislocation mecha cJj.G nd A. G. Tweet: PI Revi 1954, vol 
‘ fuct G Tweet: Rew 195 99. p. 1245 
thee tselfl have beer eit ‘ 952 1, p. 43 
tette j ‘ Ve 7 T be pub 
lemonstrated. The general results of this study are 
t rit ‘ } flavus I k-H tz Report the Confere ‘ 
torecd in the mute il have been shown to exist a 
W. Cleland, J. H. wf iJ und J. Pigs il 
i! i i thy lipo 742 
4 \! it} h temperature ifte deforma nd A. Wright: Phy 
92. 91 
‘ the: of tored disloca ‘ 954 4 775 
19 
thew ipparent by internal cancellation 
near GOO ¢ 


Calculation of Diffusion Coefficients by the 


Matano-Boltzmann Method 


Some aspects of Boltzmann's solution for one-dimensional diffusion in an infinite 
medium when the initial distribution is a step function are clarified) Thus, the fact that 
the concentration is a function of the single variable x/t is established by a dimen 
sional argument. The basis of the Matano Boltzmann method for determining diffusion 
coefficients from concentration curves is discussed, and a new way of applying the method 
is derived and illustrated. As in the work of Hall, emphasis is placed on the curve ob 
tained when (in effect) concentration is plotted against position on probability paper. This 
curve 1s approximated by a polynomial, and the diffusion coefficient is calculated by 
using an equation in which the coefficients of the polynomial appear as parameters. The 
new procedure makes the judgment of the effect of errors in concentration measurements 
easier than do the graphical methods frequently used 


by E. M. Baroody 


UCH information on intermetallic diffusion ha 
been obtained in experiments in which two 
volume initially at different uniform concentra 
tion are maintained in contact at an = interface 
plane, or nearly so. Concentration-distance 

are obtained after suitable times, and analyzed 


of a one-dimensional form of Fick’s law 


work the linear equation to which Eq. 1 
reduces when Dts independent of concentration wa 
used. However, when the initial concentrations ¢ 
and c. are appreciably different this simplification | 
often unjustified, and the iggestion by Matano’ in 
1933 of a way of avoidin vus welcomed. Matano 


aper was based on work do F arly as 1882 by 


a 
Boltzmann 
if and Mehl eported an extensiv 


Fig. |—Example of the relation between « and u The ports 
ion of systen n which the diffusion co 


show expermmental data of Rhines and Mehl for sample 2 
of ret 4 The solid curve was calculated trom Eq 30, and 
cluded a detailed deseci om on , Matano-Boltz the dashed curve trom Eq 31 

mann method. ° al deg! this deseription 


efficient depend trongly on concentration, and in 


represents the for | method as it is understood and 
apphed today, most later di ions havin More discussion appeat Ince some a 
ized thermodynamic and mechanistic ; if pects of the problem remain obscure. Better com 
diffusion exceptions ; hy ommen of putational procedures are also needed. The common 
Church n ai in a pap ar arke ane method, involving graphical determination of slope 
Herz ‘ ape! ang ales is inconvenient and makes the estimation 

rrors difficult 

BAROODY is associated with Battelle Memorial Institute, 
Columbus, Ohio Background of the Matano Boltzmann Method 

TP 4429E Manuscript, Nov 14, 1955. New Orleans Meeting, Eq. | 
February 1957 


is to be considered along with initial and 


poundary condition Take the origin of a at the 
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9 and 10 take 


2 Dt [11] 


| rdu [12] 


These equations have been used repeatedly for the 
calculation of D. In many case however, the mean- 
! of Eq. 12 ha been misrepresented, it being 
tated or implied that the origin may be freely 
fy the equation. Actually, w(2/t'’) 

will not be a solution of the given boundary value 
roblem unle the origin of a is the initial inter- 
If this interface is known, and if its use as an 

in leads to a violation of Eq 12. the conclusion 
hould be that Raq 4 to 6 have not been followed 
specific objections to measuring x from a plane dif- 
rom the initial interface were made earlet 

888). There also 


V. Churchill (ref. 5, pp. 8 


eoms to be little evidence that Matano intended to 


these equations have a so introduce a new interface. It is more likely that he 
funetion the single variable ~ only meant that when D depends on concentration 
realized thi i olution unique the initial interface can be determined from Eq. 12, 
number o but not from u 
pont Cink: In recent years phenomena related to the Kirk- 
uniquene endall effect have hown the need for gveneraliza 
be mor ivi tions of Eq. 1 which lead to Eq. 7, but with a new 
dimension ’ relation between A and x. For example, if the quan 
i funetio dimenst | rou i th ' tity f in Eq. 87 of the review article by Seitz 1 
wand, the ri i dimensions avail: considered constant, and if 
for the for ition of 
rand ¢t, and the constant BO In some problems the 
Initial and boundar condition vould introduce is written, Eq. 7 ts obtained. Introducing 
quantity vith dimension but not her ince no 
finite times or distances appear Morea r/Bt i 
the only dimensionle combination avatlable 
Hence, rand t enter in the com 
bination [14] 
Thi olution of Be ) mw known to be of 
the form wa) hey reduce to the ordinar dif 


ferential equation [15] 
. 


Phese equations replace Eq ll and 12. Their form 

hows that in applying them it is not necessary to 

while Eas. 5 and 6 become measure distances from the initial interface. The 
values of D which are obtained are independent of 
the choree of origin while r locate the Matano 
interface relative to whatever origin is chosen 

Hausmanineger tells how toltzvmann obtained 

equations and how, makin two integration 

reached a result which (when D | i function of 

concentration ves the concentration as the solu 


tion of an tral equation.” This result is of gen 


eral interest, but not useful for the determination 
of Dte) from an observed concentration curve. For 
th purpose, Boltzmann recommended a. single 
direct integration of Eq. 7, which yield 


| Adu constant 


are consistent wi \ 2 6 12 14 
concentratio I i ant CONCENTRATION (ATOMIC % Al) 


Fig. 2—-Diffusion coefficient as a function of concentration 
1 The circles and triangles were computed from Eq 28, using 
{ , dw 0 Eqs. 30 and 31, respectively. The crosses show the effect of 
: adding the term 0.003 u to Eq 30 The line shows the re 
revarded as a tunction of a ata! n sults computed by Rhines and Mehl 
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ible chur ‘ eceur me mail compared . 
au 
and introduce the notation = 
qt) Dicey | 
Where is a constant with the dimensions of a dif 
fusion coeflierent Phe differential equation and the 
nittel and bounda eonditions then have the forn 
au au 
[4] 
vl 
i u 0) [6] 
ba 
t | 
5} « O 
to 
o a 
2) * 
du 
2D [9] 
dh | . 
it the 
on the 
If wi 


14 and 15 are acceptable in the nse tha 
tiey are consistent with finite values of Dic.) and 
D(c,), and with the approach of dce/dx to zero at 
large distance Howeve! the convergence and 
values of the integrals depend on the way in which 
Actually, as Hausm: 
realized, D(c) cannot be calculated at 
behav 


dce/dxv approaches zero 
ome assumption concerning tt 
limiting concentration The assumption that 
D and dD/de approach finite is reasonab 
impheations will now be ¢ 


in emphasizing, as Hall hi 


and it 
There are advantage 


1) 


t 


done, not the concentration itself, but a fume 
defined by the equation 


Hau 
[16] 


where /(u) is the error function. Differentiation of 


Eq. 16 give 


umption concerning the 
the followin 


On the other hand, the a 
behavior of D(« ) 
asymptotic form of Eq. 7 


limiting impli 


du du 
2D [18] 

ala 
Integration of \ that dw/da become 
proportional to exp $/)) Comparing thi 


Eq. 17 leads to the conclusion that asymptotic: 


ry) 
2D 2( Dt) 
where it is understood that D Die.) for 
and D Dic.) for» That i i(A) 


totic to two straight lines which intersee 
0 


Analytic Formulations of the Method 


Hall noted that for ome data of da Silva and 


Mehl, a g 
portion 
lope He suggested that a relation of the 
ection of the 


raph of is characterized by two linea 


joined by a region of rapidl 


hia ke be applied to each linea! 
and derived corresponding expressions for the 
ion coefficient. For low concentrations (for 


iis negative) he obtained 


4h) 


exp (u) [1 


ion of the a 
implies that Eq. 20 
limiting values of both D and dl/de 
0 In fact, using the asyvmptoti 


error function 


The diseu 


piven above 


mptotic behavior 


De ) 
dD 
de 


A finite limiting value 


dl)/de Fig. 1 of Hall 
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Dic). Hall does not show thi 


limitin 


and Mehl do not reveal the 


by a polynomial 
convenient in a 


| f different from zero, which im 
vertics anvent at the end of the curve 
feature, po 
apparent y near the 


Decuuse It becore 


concentrations, and might « missed 


if not anticipated 


A reasonable conclusion is that the data of da Silva 
behavior of uA) in 
ar the concentration limit and that hq 
ood representation of very near 
although it may be a useful approxi 
certain range of concentration 
analytic procedure has been studied 
rimental results are deseribed by ex 
4a polynomial in ou. It is desirable to 


use aw rather than A, because A is not known until 


after aw, has been calculated Repre entation of v(m) 


tudied because it is likely to be 
ubstantial fraction of the case 


Ing in practice 
Introducing the polynomial 


U 
and Eq. 16 into Eq l4 and 15 leads to 


(da di) A 


functions Fo (du) are po nomial thie 


3) 


the even pol hams obtained from Ff 
d all the odd ome {1 4 the formula 


23 upped unacceptable 
except for the pecial cau N ] t hi 
th kq 19 thened b 
examination of 246. This equation 
values of De.) and De), and also indicates po 
ble difficulties at interm ute alues of c. The 
vith nm that even 
without 


On refleetion, Ea 


Doubt ure en 


functions F (1) 
for QO any value of D ma 
aati j t by choo 


obtained 


contradictin 
ne an approp value o n being 
ently las 

undesirable, but 


vhether or not the equa 
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| 
ini 
du ] du 
exp (—) [17] 
da dh 
du 
2Dtexp (—u) ryl(u) [24] 
da 
1 mam [25] 
vhere 
{19] / i exp pau {26 | 
these relation 
\ lyin +) ] 
The author is indebted to Mart N. Ch ef ‘ ’ ttent 
= [28 | 
u 
diffu 
which A] 
ani 
th [20] I 
lor of wa) 
not vive finite 
except for | 
of the 
] 
] 21 
[21] 
} exp (mu) 
[22] 
c pn u 
obtained for D, but not for 


An estimate of the importance of the last item 


troduce to Dle) which are not inherent in the may now be made. Considering u 0 and having in 
mL nental data. Considering the derivation of mind Eq. 19, from Fig. 1 it would be reasonable for 
ka 2H. it noted that a term A.u" in a(u) intro r(u) to follow Eq. 30 to u 1.6, and then change 
duce LJ.(u) into Eq. 24 and that, according to Eq pradually to a straight line cutting the x-axis at ry 
‘ « contributions to l.(u) ean only come from To estimate the difference between results based on 
~ uch a curve and those based on Eq. 30, it may be 
eu \ peaking roughly, Eq. 23 is inferred ipposed that the curve changes abruptly from the 
; polynomial to a straight line at u 2. From Eq 
cceplann en the data can be adequate! 14, 15, and 17 it evident that values of the integral 
epresente polynomial of depres where 


\ hye vithin the range of u which is well cov f (a ry) exp (—u) du 


needed. Use of the relation 


Application of the Polynomial Method I [x(2) —x.] +2 [32] 


in example, consider the results for sample 2 ss 
if Webvinve md Meh! The initial components were along with numerical values from Eq. 30 leads to 
mia ('u-Al allo containin 6.0 wt pet Al 0.0069 mm On the other hand. use of the poly- 
md the couple was held at 700 C for 386.40 da nomial leads to 
fte the data on pp. 189 and 193 of ref. 4 are con P 
erted to autor «pet Al. uv can be obtained for variou ] . 
A plot of ven in F 1 The aa A,F,(2 0.0077 mm 


indicate exper 


mental uncertamite Thi vere obtained from the The small difference between these results may be 
elation compared with 
du exp (u’) du [29] 
| (4 ry) exp (—u) du 

med othe a inption that the uncertaint nm an Ze 

eosured coneentratpor about | pet of the max 
concentratio ‘ yle core 


pore to the data are hown in Fig. 


a The comparison indicates that for 16.5 
290 ( olid hi 
; EES .065u" (solid line) atomic pet), use of the polynomial introduces only 
[30] about 1 pet error into D. On the other hand, Fig. 2 
, 009 040 0 ORS 0 055 hows that the overall uncertainty in D at this con 


centration is about 20 pet 
The inclusion of unnecessary terms of high degree 
in the polynomial can completely change this situa- 


Thief 1 ‘ i itistaucto mation 

to the data and ivhl peaku the deviation of tion. For example, addition of the term O.O003u" to 
the dashed curve from the solid one as large a Eq. 30 does not lead to a contradiction of the exper! 

permitted | expermmental uncertamty Carrvin mental data. but greatly increases the difference be 

through caleulations for both approximations permit tween results based on the polynomial and those 


based on reasonable asymptotic behavior Thus, the 


idvment of uncertainties in De) 

When Eq. 28 is applied to the two approximation crosses in Fig. 2 illustrate an incorrect interpreta 
the result hown by circk ind triangle n F 7) tion of the data. This agrees with the inference 
ive obtained, where D is plotted against concentra made at the end of the previous section. When x(1) 
theo Phe curve well defined for about 80 pet of is cubie, the points u +, N/2 lie well within the 
the concentration mnve (from 2 to 16 pet), the ade anve covered by the experimental data while for 
tutled results be more meaningful than might ' 9 these points he beyond the range of the data 

ive: been i ore ts calculates ) 
i Th il ilculated by Rhiut Acknowledgments 


mid Mehl from thre ame data are also showt (solid 
The author has received a number of valuable 


it ood avreement between the 
two procedure n this case Phe crosse how the uggestions from Martin N. Chase and Ralph J 
effect of adding the unneece al term OOO to the Harrison. and has had helpful discussion with a 


below number of other colleague He also wishes to thank 
win Eichen of the Ohio State Universit for a 


f the approximation of correspond 
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Some Aspects of 


Alloying Onto Germanium Surfaces 


Layers of n-type with thickness in the range of 0.0002 in. over areas of 0.006 sq in. 
have been produced on intrinsic germanium wafers by an alloy regrowth process as one 
stage in the fabrication of transistors. Experiments show that satisfactory alloying re 
quires proper choice of solvent and doping impurity, good wetting of solvent to germanium, 
avoidance of contamination, good orientation of the germanium surtace to the (111) plane, 
proper temperature cycle, and an inverted temperature distribution in the melt. Details 
are given of the process now in use in which lead is the solvent and antimony the doping 


impurity. 


by J. W. Peterson, J. McGlasson, Jr., and W. C. Hittinger 


HIS paper describes the result of an investiga 

tion of the production of thin alloyed layers on 
a thicker substrate of pure germanium as one step 
in the manufacture of transistors. The technique of 
alloying materials with semiconductors is a mean 
of introducing small amounts of impurity element 
in the alloyed regions of the erystal lattice of the 
emiconductor, the presence of which make possible 
the junction type transistor! 

Impurity elements are added which will produce 
regions having differing electrical resistivities and 
means of carrying current. Impurities are of two 
type those which produce an exce of electron 
(negative or n-type), and those which produce a 
deficiency of electrons (positive or p-type) in com 
parison to the pure semiconductor. The boundary 
between two such regions is designated a p-n june 
tion. Elements in Group V of the periodic table 
having five valence electrons, give rise to an exce 
of electrons when present substitutionally in the 
emiconductor lattice (usually germanium or silicon 
from Group IV). Similarly, elements in Group III 
create a deficrenc of electron Germanium and 


iheon which are substantially free of umpurities of 


J W. PETERSON, J McGLASSON, JR, and W. C. HITTINGER 
are associated with the Bell Telephone Laboratories Inc, Murray 
Hill, NJ 

TP 4360E Manuscript, Apr 23, 1956 Cleveland Meeting, 
October 1956 
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WAFER 


FIG IA 


FIG ID 


Fig |—Heating cycle for producing an NI junction 


either p or ne-ty 


emiconductot 
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VOLVENT PF 
al NA LERMAN 
HEA t w 
4 4 LIQuio 
NTE REFACE 
— 
‘iG (6 
vin 
FIG IC 
UM 
The usual junction transistor ha 


ine tion (p-n-p or n-p-n tran 


certain varieties may have more ich as the p-n-i-p 


ransistol 


In the alloy proce to be described, a small wafer 
of solvent metal containing an n-type impurit 
placed in contact with a wafer of germanium, Fig 
LA, after which the ystem is heated. As the tem 
perature raised above the olvent melting point 


the solubility of germanium in the solvent increase 


and a melt of solvent plus germanium is formed 
Fig. 1B. During subsequent the solubilit 
of germanium decrease causing crystallization of 
both ermanium and impurity aton out of the 


le melt. In general, the crystallized atoms rebuild the 
Fig 2 Cross section of a type 9 pf transistor, showing in previous! dissolved germanium ¢1 tal structure 
adequate wetting X180 Reduced approximately 35 pet for producing a regrowth layer which contains a cer- 
reproduction tain concentration of impurity aton Fig. 1C. The 
impurity concentration in the regrown layer de- 

pends upon the distribution coefficient, which is the 

HUBRIT ratio, C./C between concentration of the impurit' 
element in the solid and in the liquid, at a given 

itp temperature. The objective of this investigation 1 
to produce n-type regrowth layers on intrinst 

REGROWN (i-type) single-crystal germanium. Requirement 
. placed on the regrowth layer were uniform and con 
; ' trolled thickne in the 0.00010 to 0.00014 in. range 


a over an area of at least 0.002 sq in., and n-type im 
purit concentration of approximately 10 auton 
per cu-em with no inclusions of foreign material 


Resistivity of the underlying intrinsi ermanium 
tantially unchanged (35 ohm-cm 


remain sub 


4 minimum) 
Upon comple tion of the alloying evele the olvent 


MOUNTING 
PLAST 
material is removed b' elective chemical etching 
Fig 4. Bubble formed by lhberation of gases trom decompo revealina the top urface of the regrowth layer 
sition of a lead oxide at a Pb Ge wnterface A180 Reduced 
Fig. 1D. The n-t wafer is then ready for use in 


fabricating a p-n-t-p transistor 


approsmately 35 pet for reproduction 


Materials 
Crystal Orientation of Germanium Crystal—Ther 


won 

core is a well known’ tendency for the solid-liquid intet 
REOROWN face during alloying to lie in the (111) crystal 
- lographic plane, and for germanium to regrow in 
' i (l11)-orrented sheet Therefore, the surface of the 

' tarting material must be accurately oriented to the 

” (111) plane if a thin, uniform n-layer ts to be pro 
duced. The accuracy of orientation required can be 

’ estimated by recognizing that in order for the n 

-_ junction to he in the (111) plane, a (111) plane 
must be completely exposed during the period of 
maximum solution of germanium in the alloying 
Fig 4A diffusion controlled curved junction, the result of eyvele. For example, to produce a O0.1l-mil layer of 
very rapid heating X355 Reduced approximately 35 pct for 60 mil diam, the misorientation between the surface 
reproduction of the wafer and the (111) plane can at most be 


0.2 mil in 60 mil, or about 1) 
Choice of Solvent—A solvent for our purposes 1 
a metal (generally of low melting point) which to 


vether with germanium forn a tem with a 


liquidus extending down to relativel low tempera 


ture Thu an appreciable amount of ermaniutl 


can be in the liquid phase at temperatures far below 


the germanium melting point 
The solvent material itself must not be a p-type 


or n-type impurity” and should contain as impurt 


N 


TIME 
PLAST ties no more than a few parts per million of ele 


ments having such propertie rhese requirement 
use of highly purified Group IV el 


Fiq. 5-—-Junction onented to the (111) plane, as a result of 


very slow heating X180 Reduced approximately 35 pct for indicate the 
ment Good wetting to germaniun hould take 


reproduction 
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‘ + 
' — 
*None of the type elements have enougt 


temper; well below that at which 
olution of germanium occu in order 
uniformly over the 


olution to occul 


entire 
area. Adequate Olubility of germanium 
place at a temperature which ts reason 


ther considerations. In order to avoid 


us straining germanium during the cool 
which follow 
two requirements must be met 
trength of the 
thermal expansion coefficient must nearly 
that of germanium. Finally, the solvent material 
hould be easily removable after alloying, exposing 
regrowth 


Pb-Sn alloys have been investigated. Lead had been 


olidification of the solvent, one 
Either the yield 
olidified solvent must be low, or it 
match 


the clean urface Lead, tin, and variou 


found to be a more desirable solvent because of it 
trength and ease of chemical removal 


of Doe Run leadt 1 


lower yield 


ufficient for most 


re rowth produced trom undoped Due 


Run lead has an \ istivity of the order of 


» ohm-cm 
Donor Impurity—It is desirable for the n-type 
impurity, of whose concentration in the regrowth 
ial control is desired, to have a low vapor 
ut alloying temperature Thus the im 
olvent will tend to re 


in constant throughout the alloying proce and 


concentration in the 
contamination of the graphite boat will be mint 
mized. Such contamination would be undesirable, 
ince it would tend to increase the doping in sub 
equent ailoying runs. Two donor impurities, anti 
mony and arsenic, have been investigated. Of the 
two, antimony has the lower vapor pressure, and 
venerally satisfactory. A 
concentration of about 0.01 pet Sb in Doe Run lead 
produces regrowth of about the desired resistivity 


imately 0.05 ohm-em) 


appeal to be the more 


(approx 


Procedure 


Equipment—In the present technique pellets of 
antimony-doped lead and wafers of nearly intrinsi 
vermanium, held in a carbon boat, are heated in a 

type oven. The oven is a Nichrome tubs 

angular cro ection, with its ends closed by 

plate During an alloying cycle, the tube 

evacuated, after which deoxidized and dried 

After the alloying 
olidified lead is re 


chemicall and the m wafer is ready for 


nis passed through 1 


been completed 


2 part 30 pet 
ed HW 
evaluation and fabrication into a transistor 
Wetting 
be alloyed ha been a 
roblem. The eritical requirement is that the 


Obtaining good wetting over the entire 


erjous and continu 


and lven url; be as clean 
rt ult have come 

permanium chemiucalls 

to about 650 C before 

furnace, to initiate the 


Thi technique avoid exposing the 
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LEAD 


LEAD 
INCLUSION 


REGROWN 
oe 


MOUNTING 
PLASTK 


Fig. 6 Jagged regrowth surface with inclusions of lead, the 
result of intermediate regrowth rates X180. Reduced approx 
mately 35 pct for reproduction 


MOUNTING 

PLAST HK 
Fig. 7—-Regrowth rates slower than used for Fig. 6 produce a 
cleaner intertace, but some lead inclusions are still visible 
X180 Reduced approximately 35 pct for reproduction 


REGROWN 


Fig 8 Pits and columns are shown at the interface, the 
result of an unfavorable temperature gradient caused by 
heating the wafer from below X106 Reduced approximately 
35 pet for reproduction 


REGROWN 
nm 


IN TRING IC 
oe 


MOUNTING 
PLASTIC 


Fig. 9-—Cross section of a typical regrowth layer 035 mil 
thick, made with a controlled temperature gradient. K135 


Reduced approximately 35 pct for reproduction 
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place at a a 
appreciable 
alloyed 
ble hho 
<a 
At? fered portant to Keep the alloving ten 
erature at it 600"¢ ‘ t i the mve t { the Ge ‘ x 
t More recent howeve t has been de 
Be ise of the high diffu coefficient at ng temperature 
the ppe t esponsible for conversion © swept into the melt 
t int the A listributior coefficient 
pe nm we i I fortunate attribute of a1 | Z proce 
1952), and | ecently been more fu nvestigated 
. 
‘ 
Thee hon Ge Wat 
purified lead containing 30 ppr Bi, 12 ppm Cd, and 
ppm or less of other element wer: 
iy 
38 
‘ 
‘ 
oe 
A 
‘ 
‘ 
and oxide-f a 
from clean 
then heatin 
combining t 
alloying proccss, 
— 


Fig 10-—Top surface 
of a regrowth layer, 
after lead removal 
The surface was flat 
within a variation of 


10 in 


4 


before alloying take place 
eliminated the nece ity for 
to be avoided wherever po 
of contamination 

ection of j example of 
While 


urtace 


both germanium 
no solution and there 
pout Occusionall bub 
caused 


ippear at the interface, probably 


> liberated by decomposition of a lead oxide 
eflectivel prevent 

Z2to5o and 9 the regrowth 
between the dark arrow line marking 


the urtiace the 


Vetting a 


Wiuler.) 


Temperature Cyele—A proper temperature 
i md periods, 
alloying In veneral, the 
determined by the 
and qualit of the 1 
the cooling period 
during the 


the ne-la rus dete 


evrow 


and maximum tem 
od. A 


of solvent’ will 


uring 


rmanium given by 


er: M.. and 
Hum and sol 
espectivel ‘ i iw densitte 


olution at a 


0.742 


providing 
hea ould maintain 


ites i olution of get 


Dest accompli hed 


on maintain 

ium im the 

irable 

when the rat al obutlion onstant A 
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Cor ? 


vided by u f the Ge-Pb" phase diagram. If df/dt 
K (constant), then f Kt 


ant ri ! solution of germanium can be pro- 


and the abscissa of 


He 


the pt j t il} 


the phase diagram need only be multiplied by a 
ultable numerical factor to obtain a temperature- 
tire ve which produces a constant rate of solu- 
has been found that a heating period of 20 

min to 700°C is satisfactory. To achieve steady 

ate temperature conditions and uniform germa- 

nium concentration in the melt, 5 to 10 min at 700°C 


ordinarily sufficient 


Ver rapid heating 
hape of the liquid-solid interface 
junctions such as that of Fig. 4. Progre 
ively flatter 
face Fig » show u p-n-p cro ection in which 
heating wa o slow that the junctions are (111) 
planes (the wafer had obviously not been oriented 
to this plane) 
duce pit 


where diffusion controls the 
produce curved 
ively slowet 


heating rate produce progre inter- 


Too rapid heating also tends to pro- 


in the junction surface, which promote the 

formation of the lead inclusions described below 
The cooling period should produce thin, uniform 

eprowth layet Thi ha 


rapid and by very low cooling, while inter- 


been accomplished both 
bY Very 
mediate rates produce ragged regrowth which often 
contains inclusions of lead. In rapid cooling, re- 


prowth tuke place o quickly that preferential 
directions for crystal growth are unimportant. In- 
tead, a thin uniform layer is built by those ger- 
wept out by diffusion 
4 illus- 


howing how the diffusion zone 1 


manium atoms which are 
from the suddenly oversaturated melt. Fig 
trate this Cause 
bounded at the top by 
rowth layer thickne is determined 


nucleated crystals of ger- 
manium, The reg 
by the diffusion zone width and original concentra- 
tion of germanium in the melt 

As res 
Cust the diffusion zone 
finally nucleation disappeat At these intermediate 
rates of regrowth the interaction between diffusion 


rowth rate decreases from the very rapid 


increase in width, and 


and preferential regrowth produces a jagged re- 
growth surface and inclusions of lead within the 

vrowth layer, a hown in Fig. 6. Fig. 7 shows the 

ults of a still lower rate of regrowth, in which 
the regrowth is quite uniform, but inclusions of lead 
(in the small dark spots) a! till present. The 
presence of such inclusions near the m-t junction 
appears to short out the junction and produce abnor- 
material | 


mally high reverse currents when the 


fabricated into a p n diode tor evaluation 
In slow cooling, diffusion maintains nearly uni- 
form germanium concentration in the melt, and the 
form of the determined by the pref- 


erential growth in (111)-orented sheet 


regrowth 
Since a 
a cooling period oft 


low regrowth rate is desirable 


viven length most effectively used when the rate 
of regrowth is kept constant 

Temperature Distribution in Melt—Fven at low 
rates of regrowth the generally not a 
flat a 
to equilibrium 
and pit 
formation of stepped sheets is attributed to the pre 
which result in 


urtace 
would be expected from the close approach 
In addition to tepped (111) heet 


low column frequently are produced. The 


ence of curved tsothermal 
regrowth in coole: gions, and therefore a 
from hot to cool 


net transport of germanium atom 


occurrence of columns and _ pit l 


gradient 


region The 
attributed to the unfavorable te mperature 


which result fron heatin from be low, 


TRANSACTIONS AIME 


** More te |_| eve i ‘ t alloying 
HAN 
\ 
ele iti le ‘iil 
Dhiese procedure have 
isin flux vhich 
becutise of the da 
Fig. 2 shows the « 
if 
1? 
bole 
how 
‘ 
li 
coolio pervod, the thick 
by the amount of solvent 
perature durin the heautin per 
vettin over it entire area, a layer 
dissolve thiekmne C0 
Med 
= 
atom traction of in riven 
kor the tem 
! 
i 
l 
! portion t! 
ised | 


with the upper part of the melt coolest. Thus an 


unstable condition exist where a higher region 
tends to grow faster and a low region slower than 
the surrounding regrowth surface. This effect i 
illustrated in Fig. 8. It is believed that the improved 
flatne resulting from very slow cooling result 
principally from the reduction of temperature gra- 
dients, rather than from a closer approach to equl- 
The use of auxiliary heaters to reverse the 
flatne 


the formation of 


librium 
usual temperature gradient improves the 
and in particular nearly eliminate 
columns and pit 

a section of a typical regrowth 

mil thick, made with a controlled tem 
perature gradient. The portion of the wafet 
A photograph of the top 
a regrowth layer made in the same fashion as the 
previou hown in Fig. 10 after lead 
removal. Thi urface, made on a 0.075x0.075 in 
wafer, was flat within one fringe of 
corresponding to a maximum variation of 107 in 


hown 
is 230 mil long urface of 
pecimen 1 


odium light 


Summary 
Thin, uniform n-type alloy regrowth layers have 
been produced as the result of careful attention to 
the following metallurgical aspects: crystallographic 


onentation of starting material, wetting of the ol 


vent, constitution of the solvent, heating and cooling 
cycles, and temperature distribution in the melt 
Laver thickne has been controlled to a value otf 
02 0.1, 


lavers of le 


0.05 mil for a particular appheation, and 
than 0.1 mil have been produced for 
exploratory use 
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Technical Note 


Further Contribution to the Crystallographic Angles for Bismuth and Antimony 


by W. Vickers 


ALKOVITZ ha 


between planes for use with the Laue method in 


Ziven a number of useful angle 


determining the orientation of bismuth single ery 
tal Sismuth ts usually considered as having a face- 
tructure with it 
imilar figure given by Sal 
kovitz appears to be in error in that the angle there 
marked as 87 34 should be 92 26’. The primitive 
cell is a single rhombohedron of axial angle 57°14 
The structure i 


centered-rhombohedral axial 


angle 87 34, Fig. 1. A 


face-centered-cubic and 
is essential if 
to be no confusion in indexing poles or zone 


almost 
hence high accuracy in measurement 
there 1 
axe 

It is easier to get thi 
plotted on the 
the basic circle where the net has a more open scale 


accuracy if zone axes are 


tereogram because they will lie near 


The zone axes can be read from the film, using a 


W. VICKERS, Student Associate AIME, is with the University of 
Sheffield, Sheffield, England 
TN 386E Manuscript, June 26, 1956 


Fig 1—Crystal 
structure of bismuth, 
showing simple 
rhombohedron and 
face centered 
rhombohedron 


87°34. 


TRANSACTIONS AIME 


Greninger chart, and can be plotted more accuratels 
than pole Also, the angle 
basic circle can be read more accurately than those 


between points near the 


between poles near the centet 
In order to use the zone axes the angles between 
directions have been calculated from a formula piven 


Miller indice 


by Niggli, and are given in Table I 


Fig. 2—Standard | 111 


and antimony 


stereographic projection for bismuth 
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Table |. Angles Between Directions 


fbirection fbirections Angles Directions Angles fbirections Angles Hbirections Angles Directions Angles Directions 


Table Il. Angles Between Planes 


Normal Normal Normal Normal Normals Normals Normals 
te Plane to Vlane toe Plane te Plane Angle to Planes Angles te Planes Angles to Planes Angles 


d throuvhout and r to ' ; the stereogram is rotated to the standard projection 
centered -rhombohedron hown in Fie. 2, and the orientation is deduced 
For cheeking or indexin © more an As a check, the angles between one or two pall 
tween planes are needed than are ven | Saulkovit, f pote corre ponding to prominent spots may be 
Pheretore ol angles between planes have beer easured and compared with angles between plane 
culeulated another expression, and are iven \ in Table Il. The indices of the spots can be 
in Table angles between adjacent direction calculated from those of any two zone axes whose 
adjacent om to plane lving on prominent cre pu through them The angles in Tables I 
to be found in these table his way ind Il for bismuth can be used for antimony because 
i the conventional form ts axial angle in the face-centered-rhombohedron 


t ftace-centered-« l than that of bi muth 
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On A Mechanism Of 
High Temperature Intercrystalline Cracking 


An experimental investigation was made to ascertain the factors responsible for the 
nucleation and growth of intercrystalline voids in specimens subjected to high tempera 
ture and stress. It was determined that void nuclei are developed as a consequence of 
grain boundary slip. These voids, once nucleated, grow either by vacancy condensation or 
plastic yielding or both. A theory for the development of void nuclei by grain boundary 


slip is presented. 


by C. W. Chen and E. S. Machlin 


HIS investigation is concerned with the origin of 

the intererystalline voids and cracks formed in 
metals and alloys subjected to stre at elevated 
temperature. There have been many 
the recent literature relating to this problem. Green 
uggested that the voids may be produced by 
vacancy condensation. Zener’ has stated that shear 
could 


upvestions in 
wood 
tre relaxation acro grain boundart 
initiate high tensile stresses at the region 

“vrain boundary slip and thereby cause the formation 


Chang and Grant’ have deseribed the fo 
triple point 


king 


of 
mation of cracks at grain boundary 
and have experimentally verified Zener’ 


m for the grain boundary regions in the 


mechan 

vicinity 
ot a triple point 

Subsequent to the completion of thi 


which 


investigation 


Gifkins' developed a model made use of 
Stroh mechanism of fracturing to produce sub 
microscopic fractures that grow by 

rain boundary slip. Chen and Machlin,” in answet 


to Gifkin described a model deduced from. the 


ubsequently 


present investigation, in which grain boundary slip 
provides both the stre to fracture at grain bound 
ary joes and the deformation required to 
fractured jog surfaces. The possibility of gas con 


densation to form intererystalline void 


eparate 


and crack 
eliminated as a basic mechanism because uch 
voids and cracks are developed in vacuum melted 


material containing minute amount if any, of 


aseous impuritie 


C. W. CHEN, Member AIME, formerly with the School of Mines, 
Columbia University, is now with the Magnetics Dept, Research 
Laboratory, Westinghouse Electric Corp, Pittsburgh. E. S$. MACH 
LIN, Member AIME, is with the School of Mines, Columbia Uni 
versity, New York 
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February 1957 


TRANSACTIONS AIME 


In a theoretical evaluation of this problem, Mach 
lin concluded that void nucleation by vacancy con 
densation during creep-rupture is improbable but 
condensation on 
voids to produce prowth is probable. This investi 


ation Was bepun to evaluate the sugvested mechan 


that vacancy upercritical ized 


for intererystalline fracture, In particular, in 
to correlate vacane upersaturation ratio 
noel A those 
eritical for the 
pecimens were obtained from the same heat 

ised by the through the 


conducted in this investigation 


produced determined by Bal 


luffi and Seiple nucleation of 


latter author 


riment 
following catevorn 
Observation of voids produced under a 
Varn if ndition including creep under com 
pre lor valuate the mechanisms of void nucle 
ation and prowth 


iment mechan 


2) ul pel to check 
moof void nucleation deduced in thi iV tivation 


Morphology of intererystalline voids produced 
ty of metal 


deseribed and 


Experimental Techniques 
pecial creep-t test rack was constructed 


to appl the tre to the 


po 
i controtied atmosphere of inert pa 
as, or vacuum, All the creep-rupture test 
(30 pet Zn) were conducted in nitrogen 


hither 


constant elongation rate 


ire sliphtly above atmosphers 
loadin 
applied with the load measured by 
ive dynamometer, In order to 

ained crystal structure stable at 
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Mia Val 
discussed 
which n 
pecimen 
educi 
a-bra 
dead 
could 
i Coal 


ine all 


pecimens were 
During the 
urrounded the 
‘I ne 


» to 1.0 mm diam 


annealed in 


ut vrauin-coarsen 


bru 


chip 


evzinciheation 


pecimen to 
de 


Verage grain 


eloped Wi 


Voids in u-Brass 


Vacancy Supersaturation Limit in) Grains 


thy 


Ac 
Ke 


im 


eordinp to latest dillusion experiment 
ed the heat of 
mallest vacancy 
void ck 


between 


ol 
le who u 
thie 
it which 


btu 


Tit bru 


periment altura 
veloped within the 
1.04 and 1.7. In the 
many creep-rupture tests have 
142 C 
bra 


Upel 
ult 
iit 


been conducted 
with the 
20 specimens examined 
these 
thie 
thi 
Inasmuch a 
at which exist 


train rate of | 
In 


void 
experiment 


ut a pet 


no Cast in 


found within the 
and 


ovel 
Wert 


ruin 


observations it 
appeal that 


vacancy supersaturation ratio de 


the 


creep rate 


eloped by 


creep within 


rute vrains is |e 

thi much larger 
in normal creep-rupture test 
pre dict that 


upersaturation 


much a 
the via 
vith 
that 


Uupersaturat 


theory for a given 
hould 


may be 


reep rate aney ratio 


increasing temperature, it 
ut least, the 
the grains will 
conditions that yield 
(‘The to have 


Com in a-bra vacancy 


be le 
inter 
inte! 


on ratio 


within 
under creep 
fracture tendency 
racture 


the 


the lower the creep rat 
temperature. ) 
In 
pet 


Voids at Grain Boundaries all 
ibyected ofl pel 
and crack 
Phese 
produced by 


the specimen 
hr at 482 C 
were devel 
crack 
ut 


to strain 
than ly 
Lely 


rule 


for more hr, void 


oped at boundarte voids and 


vere defini not dezincification 


outsice 


in be becuuse identi 


prepared 
ver produced void the dezineified 
annealed prolongedly at 482 
ol priot 
fact that grain 
that 


observed 


beans 
HOO Coin the absence 
of the 


vacanete 


ol 


tre ol creep 


In view boundarie 
thin 
porosity 
of the same 
even when porosity had deve loped within the 
it the 
had either decrea 


att 
i} fou and 


vel 


in pecimen 


and Seiple me along 


in dezineitied bra 

cre 
ed thie 
require dto deve lop void 


t thre 


rupture test con 


critical supersat 
along grain bound 


the 


al 


actual vacancy 
higher than 


and voids were 


upersaturation at 
within the 


formed by 


| 
the crack a mechan 
not mvolvir vacancy 


condensation 


ted a 


Specimen 


rripole test Wa 
the first peo 
‘ ibpooted 


follow 
of 0.357 


condu 
ibility 
to pet strain at 
per hr, at 482°C. They 
ther pet at 196 

Thin cde 

it wa 


to evalu 
in. diam 
rate of 1 
then stretched 
in nitrogen 
zincified In 
that had developed 

well as el 


were 
and anne 
ck veloped 
found void 


ain boundarn ewhere 


equivalent 


pecimens, not previously sub 
annealed 
in the dezineified 
ubjected to 6 pet 

482°C for 6 hr, 

vrain boundaries in the 
the were 
800 C ju 


the grain he 


but similarly 


no void 
vd iat the 
Ib 


196 


boundari 
Other 


then annealed at 


pecitnen 

devel ulons 

d zone. Also, if 
20 hr at 
at 482°C 


thre 


yp void 
pecimen aun 
the 


indary void 


t ubsequent to 


produced " 
the further 


cle neified 


one that appeare d 


equence of ts pet at 196°C and 
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in nitrogen at 462 C 
anneal 


In other words, a sinter- 
to the high temperaturt 
‘) strain of 42 pet removed the effect of 
in the voids in the 

vacancies pumped in by the dezincification 
It is therefore concluded that the critical 
aturation ratio of vacancies required to form 


ubsequent 
uch 


production ol presence 


th « b 


voids at grain boundaries is reduced by the priot 
of sufficient at relatively high 

(above the equicohesive tempt rature) 
That is, for 
upersaturation produced by de- 
neificatwon under identical conditions voids devel 


ope qd ut 


application train 


temper 
low 


relatively temperature 


thie ume Vacaney 
rain boundarie 
ut hig 


in specimen 


in specimens previously 
but did not develop 


deformed at or below 


deformed h temperature, 


previously room 
temperature only 
Void Growth 
experiment 
ha 
embryo 


Although the previous sequence ol 
that high temperature 
produced more potent heterogeneou void 
and 


demonstrate 
train 
nucie: 
thi 

void 


ol ubmuicroscopi 


critical 


cracks) 
aturation 


thereby lowered ratio 
nothing 


vacancie 


upel 
of vacanck 
thie 


ut grain 


for formation, it say 
ol 
under the creep-rupture condi 
whether the crack 
boundaries during 
ot 


difficult to conceive of an experiment which 


about actual supersaturation ratio 


boundart 


tions or about 


vel 
would have 


voids ot 


oped at prain creep 
appeared in the 


It 


absence vacancy condensation 
veal information about the relative importance 
On the other po 
of certain premist ome 
hed light on the 


vacanck exist 


two concept 
on the 
which might 
f whether 
reep-rupture 

xist 


hand, it 1 
ible 


Kperiment 


to devise, bus! 


question 
not exce unde! 
do 
The 
erve 
Two such set 
In the first, the 
heterogeneous nucle) 
hould be 


aun exce 


conditions. If exes 
ults might be 
obtained from these experiments will 
the validity of these 
of experiments have been devised 
made that if 
then it 


formation to produce 


vacancle 


then certain re expected 


premise 


void 


ure present possible by cold de 
concentra 
the 
heterogeneous void 
In the 
made that if 


condition 


vacancy 
anneal to 
the 


tion and by a 


to 


ubsequent enable 


vacancl condense on 


nucle: present to produce visible void 
ond 
void 
rown 
then 


lon creep condition 


ct of experiments, the premise 1 


under creep 
ible 


hould be 


to 


rupture ure 


out vi ize by vacancy condensation 


uch void observed under compre 


ibilitie:s 
deformed 


hr, 
deformed 


bi a 

pet 
sub 

pet at 


act a 


In an attempt to evaluate these po 
first 

pet pel 
further 
to open out these crack 


pecimen wert 
432°C ata 


microscope 


196 C 


rate of 1 to produce 
181 


o they « 


crack 
un 
jucle: and to produce exce Vil examined at 
for 20 hr in 
vacancy migratior 
there, to 
and then 
in 


olated 


anete 
aled at 
for 


room temperature 
mobility 
for the 
ruc 


nitrogen to provide 
and an opportunity 
thre 


ain 


if 

there thi 
the 


condense on out 
examined a 
Fig. 2. It 
voids are produced durin 
The formation of thes« 
probably not a dezine 
the voids would be expected be much unl 
formly distributed. Also, void observed 
ifter a cycle of 18% pet strain at 196 C 


prest nted 
additional 
182°C 
additional isolated void 
effect then 


hown 
anneal 
ification because 
more 
no are 
and an 
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lower Lemipe 6 hi 
nitroyven 16 hit ing 
ing anneal, (462 | 
trai 
of exe 
proce 
pel 
sper ritical ived nuciel 
= 
pibaaiti 
‘ tial 
tall 
thie 
tl 
cul 
ura 
rien 
ball 
pri 
heat 
litter 
uration 
that = 
that 
we 
pet 
! 
g 
thre 
acted 
vere fo 
one 
train 
hich tet 
ate 
nealed 
ly pet st 
Cis 


Fig. 1—Vords formed in thin dezincified zone of «brass specimens 


') pet at 482° and 5'2 pct at 


ao) LEFT. Specimen was annealed 16 hr at 800°, strained 
196°, and annealed 6 hr at 482°C Notice that voids are formed at grain boundaries. b) 


RIGHT. Specimen was annealed only; not previously strained Diffusion voids are formed only within grains by the Kirkendall 
effect. X150. Reduced approximately 30 pct for reproduction 


Fig. 2—a) LEFT: Intercrystalline voids and cracks are developed in an 
196°C. b) RIGHT Additional voids (indicated by arrows) are produced after specimen shown in Fig 2a was aanealed 20 


at 


hr at 482°C X50 Reduced approximately 15 pct for reproduction 


Fig. 3—Typical intercrystalline voids 
formed im compression creep speci 
mens of «brass. Test conditions 
strain rate of 5 pct per hr at 1000°F 
for | 5/6 hr in nitrogen. Transverse 
section. X50. Reduced approximately 
15 pet for reproduction 


Fig. 4—Typical intercrystalline voids 
and cracks formed in creep of « brass 
specimens under compression Test 
conditions: strain rate of 5 pct per hr 
at 1000°F for | 5/6 hr in nitrogen 
Transverse section 50. Reduced 
approximately 15 pet tor reproduction 


brass specimen strained pet at 482° and pet 


Fig. 5—Typical intercrystalline voids 
formed in compression creep of high 
purity copper (99.999 pet) Test con 
ditions: strain rate of | pet per hr at 
1200°F for 22 hr in @ vacuum of 10° 
mm Hg Large voids are about three 
times actual size as a result of etch 
ing. X75. Reduced approximately 30 
pct for reproduction 
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| 
\ 
‘ 


832 


Voids and cracks developed along a copper bicrystal 
grain boundary shear, diamond dust polished 

Test conditions 600 psi and 482°C for 20 hr 
X150 


Fig 6 
boundary by 
and unetched 
in hydrogen Reduced approximately 35 pct for re 


production 
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th 


peci 


ations mov- 


time 


of the 
grain boundaries | 
within the 
test have 
coppel 
imilar result 

of isolated void 
lk than that 


equence of experiment 


powell Gisloc 
many 
moving Prain 


ion creep also been 
and silver 
Fig 
in 
found in a-bra 


peci- 


gh purity 


‘ 2, except 


the numbe1 copper and 

noticeably 
tne 
iuded 


, it can be 


m 


above 
ation mechan! 
ible 


re 


conden 

the pon 

hand, the 
hypothes! 
fol 


that the vacancy 
be 
owth 


mode of 
ult 
The 
mechani 


out a re 

othe: 
with thi 
be 


by 


ruled 
On the 


tent 


ob- 
ame 
ol 
local 
to 
inh 


made m 
plastic flow 
However, it 


of the latter 


ul al 
prowth 
ol tl 


operation 


unde! 
is difficult 
mechani 


void 


field ‘ 
thie m 
detail 
In view of the results described 
the nucleation of voids at 
irable to evaluate 
high temperature strain in the proc- 
In the absence of prior high 
was found that no void in 
could be developed either by a 
50 pet at —-196°C. However 
train at C (at of | 
und a sub equent deformation of 18% 
produced a multiplicity of interery 
Fig It 


ub eque nt to the 


Void Nucleation 


u previous section on 


in boundaries, it appeared de 
the 
of void nucleation 


emperature strain it ol 
crack 


6, 20. or 
pe t 


rel tulline 
formation ol 
rate 


equence a 


per hr) 


are annealed 
train at 
ain, then 
after the 
annealing at 
pet strain 
cribed pre 
in 


ot 
20 hi 
to the 


pecimen 
B00 C f pet 
but low temperature st: 


either 


priol 
void e observed 
ut 196 C 
ub equent to the 
the othe: ult 
pecimens are 
thi 


ClacKh 


ol al 


or alter 


train 
20 hi 
ilt and 


in 


cde 


ummarized 


re 
viously u bra 
able 


I. It 


mall 


indicated from et of experiment 
developed at 
at 482 C 
that they 
that these 


low te m 


ubmicroscopi are 

the ‘4 pet strain 

ently mall so 
at 800°C, 
affect the 
thes 


during 


rain boundarn 


d li rack 


it 


ntered 


ubmiucro 


are not produced 


ution at low tem 


By the application of tensile stress of 1200 psi at 
1200°F for 20 hr, voids and cracks seen in Fig. 4 are grown 
New voids and cracks are also 
Specimen surface is the same in both Figs. 6 and 
The poor micrographic appearance is due to the fact that 


Fig 7 
to torm elongated cracks 
observed 
7 
the surface has been subjected to 1200°F in hydrogen (some 
oxidation has taken place) and is shown without additional 
polishing for comparison of the voids relative to their ap 
pearance in Fig 6 X150. Reduced approximately 35 pct for 


reproduction 
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vucame peneratin 
it in the vicinity 
that for disiocatior 
compre 
conducted on hi 
mien vi 
heat 
com 
Canin 
old 
lained are cor 7 
tatements « 
olated 
20 hr at 4 h 
f ture strain. 
| luxation of interts 
near the spearhead 
| Pit chides too 
ipercritical 
the pre 
lor ation con al 
istent with the « they 18 
have l no crach 
lt i test of 1 lon pet 
142 C fe 
ve strain 
d 
betwoon tl 
! 
thie 
; tudinall 
vill bout th as can be 
conte of thee as near the outsiade crack are 
(beneath the thin dezineitied zone). In general, more perature fra 
oid vere distributed alor longitudinal bound copic cracks at grain boundaries Sz! 
Hies than along transverse grain boundaries, Also is effectively or at all by defor —________s 
transverse ticeable 
ed for the 4 rain 
uther than to be the 
lonvitudinal boundarse Typical cs of the 
olds that were found are presented in Fis Sound 
j Dhese results are eminently consistent with the 
* 
thew f void owth | vacancy condensatior \! 
thievtagehy at pe ible to account for the owth of the 
ord ! ibmict copie tet le tre ‘ nduced at 
col thy ibmicroscopre crack mechal 
mi fe vod owth 1 not as attractive i that of 
condensation the voids tend 
toy pherical and the hypothe 
fo vacuo condensation as the ource of the void 
olume as compared to a plastic flow mechanism of 
: oid growth. It should be pointed out, however, that 
P } trai ate localized the ait 
would be neces iry to account for the 
tot volume of voids found The measured strau 
iter fe the specimens as a whole is too small by at 
least a faete of 100 to aceount for the vacanci 
enerated untle fo inknown reason the 
— 


peratures in these specimens. Further, if these sub- 
ufficiently large, they 


in the pre 


microscopic cracks are made 
act as void nuclei to condense vacancie 
ence of an exes concentration of vacancie The 
effect of 
trongly implies that grain boundary 
at high temperature but not at low tempera 


observed temperature of deformation 
hear, which 
exist 

ture, is involved in the formation of the submicro 
copic cracks. A direct experimental check of thi 
implication was devised and is described in the next 


ection 


Bicrystal Experiments 
As indicated in the previous section, it appeat 
probable that 
form the 
for voids grown by 
vide the stre 
temperature tensile tests. In order to provide a 
direct test of this implied result, bicrystals were 
grown, using 99.999 pet Cu according to the tech 
Sections were carefully cut 
normal to the bicrystal boundary to produce many 


grain boundary shear is required to 


ubmicroscopic cracks which act as nuclei 
vacancy condensation and pro 


concentrators in) subsequent low 


nique of Chalmet 


Table |. Experimental Results 


Paperi 
ment Observation in 
No Treatment Microscopic Examination 
6 pet re failed he f 
t ‘ pture \ i 
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ign 
pet st t 4a2"¢ id th respect to ¢ 
t st ent ‘ ind 
‘ 
pe t t 
» pet t 
20 ‘ ( 
tr t 
on 
imneal at 442 ¢ 


bicrystal specimens having the same relative grain 
and boundary orientations. The final dimensions 0 
each specimen were about 1 % x 0.0860 in. A 
clampu mechanism was constructed which made 
possible the application of a shear traction parallel 
Another 
0 apply a tension force normal to the grau 
At first, the tests were conducted in nitro 
found that the oxide pro 


boundary obscured the 


to the boundary et of clamps was used in 


order t 
boundary 
en at 1200 F. It wa 
duced along the grain 
ult Consequently ubsequent test were pe! 
formed in low dew point hydrogen 

It was found that visible voids appeared along the 
diamond polishir 


rain boundary, as revealed by 


alone or in conjunction with ibsequent etchin 
* Etcl t part NH,OH t HA t iH 
after grain boundary shea Voids never appeared 


vhen tension normal to the boundary was the sol 
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Fig. 8—Grain boundary shear along copper bicrystal boundary 
indicated by the displacement of scratches. Amount of dis 
, shear stress, 600 psi; temperature, 
The bicrystal boundary runs horizon 
tally X150 Reduced approximately 10 pct tor reproduction 


placement is about 30 


1200°C; time, 20 hr 


rt histor In other word appheation of a ten 


lle stre us for example 1200 psi, normal to the 


boundary for a period of 20 hr at 1200 °F never pro 
duced 7 ble word On the other hand appleation 


of a shear stre of about 600 psi at 1200 F, parallel 
to the boundat for a period of 20 hr alway re 
ilted in visible void See, for ¢ xample, 6 


a line of voids along the vrain bound 
pecimen after the latter was sub 


parallel to the grain 


which show 
ary ina bierystal 
jected at 1200 F to shear stre 
revealed by diamond polishing alone 
ed bicrystal 


boundar. a 


diamond polishing of nonstre 


pecimens never produced voids along the boundary 
If tensile stre 
ubsequent to a prior appheation of parallel 
observed 


normal to the prain boundary wa 
applied 
hear then the number and ize of void 
xample, Fig 


along the boundary increased. See, for « 


7. However, as previously mentioned, no voids were 
ever observed after application of a tensile stre 


alone normal to the boundary. One pecimen, in 


which the 
trated thi result triking] The 


boundat vas not ideally plane, illu 

ection of the 
boundar’ veloped no 
ible void The sections of the boundary having 
hear component (about 45° to the forces 


veloped visible voids. The results of 


normal to the applied force de 


olved 


direction) de 


th ection were reproducible over five ets of 
dentical experiment 

By observation of fiducial lines crossing the bound 
i! ee Fig. 8 it was observed that the grain bound 
i hear resulted in slip along the grain boundary 
An average value of the relative translation of 
rau n these experiments in which grain boundary 
void were observed about 25 to 30 yp It can be 
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rtion that the many macroscopic intercrystalline 
are a result of linking together of the isolated 
talline void 


Discussion 
As a consequence of this investigation there 1s no 
subt that grain boundary slip is a necessary condi- 
for the development of intercrystalline void 


Further. it has been demonstrated that such 


void nuclei can be grown out to visible size in the 


resence of a supersaturation of lattice vacancie 


ind that plastic deformation probably produce uch 
ipersaturation of lattice vacanci 

a ae It is of practical, as well as scientific, interest to 
Tie neculate about the factors that affect the resistance 
=F » grain boundary slip and the fracture stress of the 
boundary jogs. As Gifkins' pointed out, slip 
ce that intersects the grain boundary produces grain 
boundary jogs. Jogs will usually be associated with 
Fig. 9--Stresses induced by boundary sliding in the direction nelusions along the boundari¢ Wrong jogs instead 
aes at if fracturing will act to lock grain boundary slip 
ind undoubtedly are responsible for the observed 

hat relative effect’ that grain boundary shear displacement 
insiation Of the grains alon oundary, here often distributed over the volume adjacent to the 
ifter called grain boundat ‘ip, boundary rather than localized ut the boundary it 
for the development of intercrystalline void f Right jogs for fracturing, if present alone, must 
acks under creep-rupture conditions. It cat have ifficient area to resist the shear traction. A 
» be coneluded that the model of void nucleation 


mple calculation on the assumption of a fracture 
based on the Stroh mechanism of dislocation pile up if about 100,000) psi and a creep stre of 
st] ibout 10,000 psi re veals that a pla ti train large 
undary | inder th ' an (10.000/4 x 10,000) x 100 2. 5 pet would be 
ously kperiment ired to produce sufficient slip intersection jog 
model that is consi vith experiment rain boundaries to prevent jog fracture. It 1 
rain boundark = now apparent that if particle hardening were to be 
traction. As a con ised to block grain boundary slip, an extensive di 
ip accompanyin = tribution of particles along the boundary would be 
developed | required 
cannes occu Un In normal ingle pha e alloy and metal there 
ind Char and Grant’ hi vould not normally be any resistance to jog fra¢ 
the stresses developed al Ki 2" ture*® except in the case of marked grain boundary 
lead thie velopment of interery 
blocked is at a jog along the tie suse of the 
trite that tensile or compre ! 
roup joe, respectively migration under the creep-rupture conditions. Con 


developed at a down io ‘ 


magnitude of this stre ata pat ilar joe inere: equently, in these materials the rupture life of the 
is the area of the jou decrease ind the shear relax part would depend upon the rate of growth of the 
ition length between the adjacent joes incre: void One uch theory has already been given 
Phe tensile str yon jouw may therefore ex tecause the amount of grain boundary slip has been 
ceed the fracture wreafter, the role of pri hown by previous investigator to be uniquely 
boundary slip is to vi the fractured jor elated to the total deformation, it is possible that 
i llustrated in F 10. Onee the submu 

crack thus formed a itical ler 
either vacaner may condense on the er: 
thereb form a visible void: or the tensile 
normal to the boundary that is concentrated 
crack edpe may induce plastic deformation 
will enlarge the crack: or both 


Development of Macroscopic Intercrystalline Cracks 
It is believed that the linking together of tsolated 
ntererystalline void responsible for the forma 
thon of the macroscopic intercrs talline crack \ 
check. many intererystalline cracks have been ¢ 


amined in oa large vanety of metal ‘ lve 


nickel, copper, and «-bra Some of these crack 
ite hown in Fi 1] It | apparent iat the crack 


outline invariably appears to be in the form of iso 
lated eerie rele connected by traight line Al ‘) 
isolated voids are usually found at the spearheads of Fig. 10—Steps in the development of intercrystalline cracks 
the macroscopic crack ee Figs. 2b, 4, and 11. It ay due to increasing boundary slip according to the proposed 
pear therefore, that there good evidence for the mechanism 


parare 
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| 
inte 
GRAIN 
tir 
- 


Fig. 11—Micrographs illustrate that voids link together to form cracks 


A 


Notice the semicircular outline of cracks) a) LEFT 


Transverse section of «-brass specimen subjected to creep under compression. b) RIGHT: Longitudinal section of nickel speci 
men subjected to creep rupture test under tension X50. Reduced approximately 25 pct for reproduction 


the time to produce the critical size of submicro 
copic crac k by lip, required before growth by 
vacancy condensation or plastic flow can take place 
an appreciable fraction of the total rupture 
revealed that at 1 pet 
hr at 482°C no voids were observed until about 
25 pet of the total rupture life or strain (6 pet) had 
been achieved. Further, 4% pet strain at 482°C alone 
ufficient to induce void formation alon 


may be 


Observation train per 


Wi not 


rain boundaru in the dezinecified zone. Conse 
quently, under the stated condition 
that the time to produce the critical 
roscopic crack ts less than 25 pet but more than 8.5 


pet of the rupture life. Surface active elements in 


it is apparent 


ize of submu 


troduced as impurities or via the atmosphere may 


appreciably lower the surface energy of these void 
and cause vacancy condensation and frac 


ooner. Also, the particular 


embryo 
ture to occur surface 
active clement, oxygen, may cause an increase in the 
insufficient number of jogs at the boundary through 
and thereby hasten rupture 
pecial case where there are insufficient 


the formation of oxide 
In the 
to prevent jog fracture, the smaller the number 

the longer will be the rupture life( the more 

jog must grow before macroscopic intercrystal 
hould be possible 
intererystalline 


cracking can be achieved). It 

achieve high trength against 
racking by distributing sufficient particle 
to anchor the grain boundary slip 
beheved that the 
trength in this manne! 


along 
vrain boundarie 
and migration adequately. It 1 
SAP materials achieve thei 


Conclusions 

As a result of the present investigation, a mechan 
m of high temperature intercrystalline cracking in 
metals has been proposed. The formation of voids at 
rain boundaries is considered to be primarily re 
ponsible for the brittle failure of metals at elevated 
temperature. Voids are nucleated at jogs and grain 
corners along grain boundaries as a consequence of 
grown either by vacancy 
yielding or both Macro 


rain boundary shp and 


condensation or plastic 


‘ imbia Ur 


talline crack are formed 
linking together of isolated void 

The results of a 
experiments indicate that a sufficient amount of high 
temperature 


copic interery 
erie of a-bra tension creep 
train 1 


required to produce void 
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nuclei. The observation of void formation in the 
ingle grain boundaries of bicrystals with the apph 
cation of shear traction parallel to the boundarie 
reveals that grain boundary 
void nuclei. A model illustrating the development of 
void nucle: by grain boundary slip is presented 

The probable mechanism of void growth by 
vacancy condensation has been demonstrated by the 


lip is necessary to form 


formation of spherical voids along grain boundarie 


in compression creep specimens and also by the de 
velopment of isolated voids after annealing cold 
worked specimens that have contained void nucle) 
However, this does not rule out the other growth 
mechanism, viz., by plastic yielding 

Evidence for the linking together of isolated void 
to form macroscopic intercrystalline cracks has been 
obtained for a variety of metals and typical ex 
amples are presented 
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Cube Texture in Copper 


Copper single crystals of initial (358) [523] orientation, after being cold rolled to 98 pct 
reduction in thickness, were observed to retain essentially their original orientation. The 
operating mechanism previously suggested’ for this component of deformation texture in 
face centered cubic metals during recrystallization was experimentally observed to be 


valid to a certain extent 
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120 in 
i «lt labor 


between 99.94 and 99.97 pct. The 
of the crystals were as follow 
thickness, 0.844 in. width, and 
length pecimen B, 0.535 in. thickne 
width, and 1 length. Rolling wa 
rolling mill according to the follow 
0.010 in pass to 50 pet reduction 
0.005 in pass to 70 pet reduction 


0.002 in 


COpper Wa 
nal dimension 
men A, 0.465 in 
36 in done 
ators 

pel 
pel 
pel 


cheduls 
thickne 


thickme to 85 pet reduction in 


Fig |—-Operation mechanism of (358) [523| deformation 


texture after annealing Angle of rotation is 44° 
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‘ 
thie tud of the ollu recrystallization§ of oft 
face-centered-cubie metal i most unusual ob oni 
‘ ition the frequent occurrence of a@ sharp re [| 
‘ tion texture of cube entation Althoug) 
thie condition inde which th texture | 
ecu ie know! or mn till not well or 
inderstood 
oom. the observed relationship betwee 
thie 110) Liz ad texture and thie in 
re { ire, regardlh of 
the effect of lhoyir or the mimett 
of the deformation a stron ndica RD 
tion that a speertic the deformation —_———... D 
lent ‘ elated to ponent of the ‘ 
ition texture. Using rotational reorier 
tiation ‘ i of co elatin thee 
mal tullization texture it Wa 
< 
proposed that the deformation which re I 
ited the cube texture has ‘/ZZ_!3 indice 
Ads 
Phe investigatt eported here was undertaken to 
ot experimental ¢ lence for the liditv of th H 
Experimental Procedure 
Pwo coppe ingle crystals having an initial orier IV 
tation within 2 of C358), 525] indice vere pre 
pared in the in Ref. 5. The purity 


Fig 2—{ 111) pole figure after 95 pct reduction in thickness 


thickne and 0.001 in. per pass to any reduction 
above 85 pet. All annealing was done in a mutile 
furnace with temperature control to +5 C. A Pb-Sn 
bath with temperature controlled to within *2 °C 
used for the isothermal anneal prior to hardne 

termination. All texture were determined by 
diffraction using a special Geiger-counte: 
adapted from the Schulz method.” The pole 
plotted wa the Since the 
does not have an integrating mechanism, an 


which would 


urface texture 
re restricted to condition 
rain size relatively small 


Experimental Data 


Deformation Textures ~The deformation texture 


for the two copper single crystals were found to 
retain the original (358)[523] omentation, with a 
reasonable degree of scatter, after being cold rolled 
to 80, 85, 90, and 95 pet reduction in thickne Fig 
2. Of the two rolled strip 
r, but in the 
tallization texture no appreciable 


pecimen B showed more 
ubsequent investigation of re 

difference 

noticed between them 
On rolling to 98 pet reduction, two 

components, I and HI, were observed, Fig 

how tt deformation texture of the center part of 
the strip; it is very similar to the texture of cold 


difference be 


olled polyerystalline material. Thi 


tween the urface and center texture im the trip 


educed 98 pet is not observed in the strip reduced 
95 pet. In the latter, the only difference is a littl 
more catter in the center texture than in the i! 
wt 


rice ure 


Reerystallization Textures Since the 

deformation texture may yield another 
crystallization component, the ex; ition of 

a fixed 


direction wa 
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Fig 3—{111} pole figure after 98 pet reduction im thick 


ness ‘surface texture 


determined before the specimens were annealed 


ed nm thi 
plotted as the 
This precaution would avoid any ambiguity as to 


whether the 358 523 recrystallization com 


ponent was derived by the reerystallization im situ 
mechanism or by the rotational reorientation mech 
anism During the course of this investigation, ef 
forts were also extended to study the effect of a see 
ond anneal on the reerystallization texture of the 


pecimen The second anneal was carried out eithes 


at a higher temperature or ame temperature 
with longer annealing time 

howed 
onl cattered signs of recrystallization after being 
annealed 17 hr at 200°C. A reery 
four components, two in twin relationship 


A specimen given an 80 pet reduction 


tallization texture 
having 
with the other two, was observed after an additional 
anneal of 19 hr at 300°C. Thi 
which is the recrystallization pole fign of the same 
pecimen after further annealing for at 400 C 


hown in 


One of the components in th ‘ure is very close 
»a cube orientation and is present in almost all of 
plotted 


the subsequent recrystallization pole figure 


For simplicity, this component is named the off-cube 
component. In Fig. 1, a 44) rotation about pole A 
yields a cubs entation; the off-cube onentation | 
rotation. Thi off-cube component 
ways accompanied by its twin component acro 
trie plane of the octahedral pole around which the 
rotational reorientation relationship is imposed. The 
other component has no common octahedral pols 

the (358)[523] onentation and is referred to 


component X 
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‘RD 
a 
‘ 
« 
Ta 3 344 
« 
«4 
| 
558 4 
° 
2% j 
\ 54 j 
j \ j 
/ \ 
\ Sq 
keep 
* It was observed that, in all cane the pecimen after the first 
re ' howr plete ree tullizved structure and ite re 
the second anne rr ndicated that only limited grain growtl 
had take place during the le condithor of the econd 
reference rolling plane and rolling here as 


Fig pole tiqure after 98 pet reduction in thickness Fig 6—[ 111} pole figure after 90 pct reduction and anneal 
at 400°C for | hr Closed triangle represents the off cube 


inside texture 
orientation and its twin, open square represents Y onentation 


Fig. 7—[111! pole figure after 90 pct reduction and anneal 


Fiq 5 111! pole tiqure after 80 pet reduction and anneal 
Closed triangle represents the off cube 


at 200°C tor 17 hr, at 300°C for 19 hr, and at 400°C for at 500°C for | he 
| hr Closed triangle represents the off cube onentation and orentation and its twin 
its twin, open circle, X orientation; and closed circle, twin 


orientation of onentation X 


(80 pet reduc A pecimen of Bd pet reduction, 
1 hi nealed either at 400 C for 1 hi 


tallizationr nin at 500°C howed a recry 


annealing of i pecimen 
it 300 C for 65 hr or 500 C for 


ith the 
thi } ntensiti imilar to that shown in Fig 


) except 
onentation of component X disappeat 


at consolidated 
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4 
43 
; 
9 4 
| 5 5 5 
| é 
a, | 2 4 
{ 4 
5 2 
ae 
‘ 2 / 
(*33 / 
/ 
s 
, 2 45 
7 a 2 
‘ 
‘ROD RD 
a’ Dy 
aa 
/ 3 4 
| 2-4 
| 
}} 
| 
43 4 3 / 3 
/ 
7. 
1) t after being an 
trom) ertl an additional 15 
exhibited no cha ation pole figure 
t hown unt that the twu 
‘ ow 
are somewt 


Fig 8 111 pole figure after 95 pct reduction and an 
neal at 400°C for 30 min and at 500°C for 15 min. Closed 
triangle represents cube orientation and its twin; open tri 
angle, (358) [523 


tion 


orientation, and open square, Y orienta 


Fig. 6 is the recrystallization pole figure of a spec 
imen reduced 90 pet and annealed | hr at 400°C. In 
addition to the off-cube component, there is a se¢ 
ond component, Y, 
twin of the off-cube orientation, Direct anneal of a 
reduction at 500 C for 1 hr 
hown in Fig. 7 
Fig & is the recrystallization pole figure of a 


which might be a second order 
pecimen of the same 
removes this component, a 
pecimen reduced 95 pet and annealed 30 min at 
100°C plus 15 min at 500°C. Iti 
a cube or an off-cube omentation 


not clear whether 
hould be a 
to one of the recrystallization components. Beside 
(358) [523 | 


igned 


weak 
observed 


thi component, a 
(component IIT) 1 

Fig. 9 show 
pecimen reduced 98 pet and annealed 1 hr at 300°C 
plus 30 min at 400°C. A similar pole figure, but with 
much around the 11] 
of the cube orientation, was obtained by directly an 
nealing the specimen for 30 min at 400°C. A 
vraphic analysis (the twin components are not in 
dicated) of Fig. 9 is shown in Fig. 10 

Lowering the annealing temperature to 250°C for 
30 min, followed by a 15 min anneal at 300°C 
lightly different pole figure, Fig. 11, for 


component 


the reerystallization pole figure of a 


tronger intensities poles 


teres 


produced a 


the specimen of 98 pet reduction. The ideal orienta 
tions shown in Fig. 1 seem to fit the data quite well 


However, there is an indication that an off-cube 


rather than a cube orientation might be assigned to 


one of the component 


Discussion of Results 


Deformation Texture——Hibbard and Yen’ defined 
the stable end orientations or ideal texture orienta 
orientations of the grains which are 
uitable for deformation flow without a change in 


ion a the 
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Fig 9—{ 111) pole figure after 98 pct reduction and anneal 
at 300°C for | hr and at 400°C tor 30 min Closed tri 
angle represents cube orientation and its twins, open tr 
ongle, . 352 orientations 


orientation. Once the grains rotate to these orienta 
remain there without further rotation 
Barrett and Stead 


mann concluded that the ideal orientation for the 


tions, they 
during subsequent deformation 
deformation texture of cold-rolled polyerystalline 
copper could be either 32: or {135}~- 211 
(S58) 845 indice In a lates 
tudy on the deformation texture of cold-rolled 
polycrystalline lightly different indice 
(3598) < 523 Tovether with the ob 


or, more precisely 


copper, 
were used 


* Indice of 434 were » recentl ugvested for 


old-rolled 2S aluminum of 84 pet reduction 


there is littl 
onentation is a texture 


ervations made in the present study 
doubt that the {[358!}~ 523 
orientation in cold-rolled polyerystalline copper 


The formation of a 


econd 523 


deforma 
explained here on the basis of the 
Mathewson 
direction on the 
could be 
resolved into two consecutive movements in the 

112.- directions. The first 112 
tacking fault of a twin onmentation 


tion component 1 
Zig-zag movement of 110 lip 
postulated that slip in the « 110 
lll} plane in face-centered-cubic metal 


movement re 
ults in a 
respect to the matrix, and the second restore 
the matrix omentation. By assuming thi 
lip, the first 112 
vields materials of twin orientation across thi 
Fig. 13. Since thi 
respect to the rolling proce 

either the second 
or lattice rotation through a 
table onientation. Thi 
lationship between the resultant twin orentatior 


proce 


movement on the 


twin orientation is unstable with 
ibilitue 
movement continue 


two po might 
occur 
mall angle occurs to a 
would depend on the re 
and rolling proce In the present case, a lattice ro 
tation of only 16 from the twit 


needed to yield a « 


onentation 


mentation which | 
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Fig 10 Stereographic analysis of Fig 9 Deformation tex Fig 11—( 111) pole figure after 98 pct reduction and anneal 
ture s shown by broken lines and recrystallization texture at 250°C for 30 min and at 300°C for 15 min. Ideal orienta 
is shown by solid lines tions correspond to Fig | 


Pinto te the ollir proce Phe other two rotation for a given deformation component vari 
components (their orentations are not vith the appearance of this component. In othe 
ndicated) in could also be « «plained on thi yvord when the 358 23 deformation con 
tacking faults on {111} Band C ponent appear ingle-component deformation 
hig 1. The stacking fault formed on (111) A ha texture, it exhibits a 38° rotation, whereas the same 
nonentation quite remote from any which is stable component appearing in the form of either a double 
; Une _— pre Instead, a second ll2 component, as in the specimen of 98 pet reduction in 
ment might take place to reestablish the or the present investigation, or a quadruple component 
nal 2 ormentation. small portion of as in the polyerystalline materials, would exhibit a 
‘a alls ht be expected to remain in th twin 440 rotation. This difference is conceivable nee the 
entation and serve as the origin of the secondary tress pattern on different ship planes varies with the 
texture nh Coppel development of the deformation component which 
Keerystallization Textures The consistent ap in turn influences the nucleation mechanism. The 
pearance of the off-cube  reerystallization com failure of the appearance of the 112 > reery 
ponent o ht lead to a better understanding of the tallization component from the [358 o23 defor 
lallization texture face-centered mation component might also be attributed to thi 
ibie meta It could be that the cube reervstalliza cause 
nh texture net of cube orientation, but is con By 9 and 11 confirm the behef that the 
ed off-eube orentations under thi uise of deformation component is capable of 
In a matrix of double [358 com enerating a {358 reecrystallization compo 
ponent, | Hiowing two octahedral poles (pole type nent upon reerystallization. A hown in Fig. 9 
p te perate to yield two off-cube com there seems to be little doubt that recrystallization 
nts, the center of the high intensity areas in the by the rotational reorientation mechanism, not | i 
prerte ould shift and locate at the cube orien recrustallization in situ. mechanism esponsible 
! his effect more pronounced in a matrix for the occurrence of this recrystallization compe 
i ‘ Th rms deformation component nent 
There 1 un unambiguou ndication that the 
es distributed it 158 deformation component reerystallize 
at a lower temperature than does the 110 112 
wh as in cold-rolled polyerystalline material. A leformation component, a uggested previousls 
! ! l4, the dots represent the octahedral Specimens of (110)[112] deformation texture, after 
es of off ibe orrentations resulting from each of 99.5 pet reduction, showed no n of recrystalliza 
2 deformation component The tion after being annealed 5 min at 300 C, but speci 
circles are of 8 radius. The proposed scatter mens of the ame purity copper possessing a 
f the cube texture of approximately the same (358)[523] deformation texture were almost com 
i is observed experimentally pletely recrystallized after the same heat treatment 
The other possibility could be that the amount of with only 95 pet reduction, Fig. 12 
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As observed previously, all equivalent recrystal 


lization Components” are more likely to appear when 


This characteristic of 
recrystallization behavior was also observed in the 
present investigation. In addition, the higher the roll- 
ing reduction, the more likely the occurrence of all 
components. If the latter observation 
made on the single crystal could be extended to the 
talline materials, this would imply that at a 
given annealing temperature the sharp cube texture 
could only be obtained in a certain range of rolling 
Ata higher reduction, its recrystallization 
texture would comprise both the cube and its equiv- 
Since the equivalent components 


annealed at low temperatures 


equivalent 


polycry 


reduction 


alent component 
of cube orientation, {358}<523 >, have an orienta- 
tion the same as the components in the deformation 
texture, this phenomenon might be mistakenly ob- 
erved as the retention of the deformation texture 
after recrystallization 

An increase in the amount of cube or off-cube re 
crystallization component could be achieved eithe! 
econd anneal of the specimen that had been 
tallized or by a direct anneal at 


by a 
completely recry 
high temperatures. The same phenomenon was also 
observed recently by Merlini in polyerystalline cop 

It is worthwhile to discuss this 


of the oriented growth and oriented nuclea 


phenomenon in 


tion hypothese 
In an isolated 

exist iw onentation relationship can be defined in 

relationship alone would 


ituation where only two grain 


terms of either grain. Thi 
which grain would grow at the ex- 
The oriented growth hypothesi 


not determine 
pense of the other 
only suggests the likely event after the grains start 
to grow, but doe hould 
vrow. Thi therefore accounts only for 


the econdary 


not determine which grain 
hypothesi 
(growth) but not the primary (orig 
ination) Cause of the occurrence of the recrystalliza- 
tion texture in general 

It may be suggested that, under the a 
that the recrystallization of cold-rolled polyery tal- 


umption 


, one cube and 
observed by 


line copper comprises five component 


four {358 924 » components, Fig. 1, a 
Merlini 
ut the expense of not one but of all four of the 
Since the on 


which 


the cube component would grow favorably 


106 matrix component 


growth hypothe i doe not pecify 


ented 


Fig. 12 
designated annealing 
0.027 in; load, 0.3 kg 


Isothermal hardness curve of 95 pct rolled strip at 


temperatures. Specimen thickness, 
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Fig. 13—Suggested mechanism for the appearance of the 


second (358) |352| component of the deformation texture 


component should grow, the cube component would 
have the same probability of being consumed not by 
one but by all four of the {358}. 523 - component 

In order to circumvent this situation the argument 
could be advanced that since grain growth ought to 


occur during the recrystallization proce once the 
grains of all omentation tart to grow, the cubs 
grains would grow faster in such a matrix than 
prains of other orrentation jused only on the ori 
entation relationship, this explanation is also not 
true. The cube component is not the fastest growing 
component in such a matrix. As shown in Fig. 1, the 
onentation relationship between any one of the four 
Jo6 N23 components and a matrix of one cubs 
und the other three 1358). 523 components is the 
ame as that of the cube component and a matrix of 
four {358)- 523 components. The rate of grain 
growth would be the ame no matter which com 
ponent is growing. Thus, interpretation based on the 
determine 
the ob 


oriented growth hypothesis would not 
which component would grow but explain 
ervation no matter whether the cube prain 
An interpretation based on the ortented 
nucleation hypothesis is therefore 

One of the likely to cause the vrowth of 


cube pvrains | large yvrains. These 


do not prow 
ought 
factor 
then 
oceur under the a 


relatively 
large cube grain umption that 
the activation energy for recrystallization of cubs 
is It than of vrains of other orrentation o 
ine the 


case of two equivalent components, A and BK, ap 


iain 
that they are nucleated earlier, For example 
pearing from a single-component deformation tex 
ture after reerystallization, and the activation en 
A being le 


than that of component B, upon isothermal anneal 


ergy for reerystallization of component 


ing, grains in A orientation would appear first. At 
low annealing temperature both rate of nuclea 
tion and rate of growth of grains in A orientation 
are relatively low. During the time interval At,, Fip 
15. grains in A onmentation would be the only prow 
urrounding deformed matrix 


tallized grains is a function 


ing inhabitants in a 


Since the size recry 
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* The equ ilent ‘ jstal tion ‘ ponents are the compo  —— 
ent f the re t vation texture, which r may not * 
the ‘ ‘ fice nd are related, through the rotation re i 
‘ 1 ‘ t p of © amount of rotation but about dif ; 
ferent tuhed 5 t t the me component of detormation 
S 
= 3 
| 
| 
| 
j 


und the 


priat 


time interval during 
rains in A 


therelore be larypel 


onenta 

than 

tume 7 
pet 


any 
the 
The 
recrystallize 


iucleated later. At pecimen 


rystallized “uy 


Will then 
owth 


remain 
throug 
mechanism of grains in 


both A and If orientations and also by the growth of 


before 
pecimen would 


entation which appeared 


ullizution, the 


iniform grains of components A 
Mraiti A 
higher 
Miraiti iti \ 


of mall 


ul larpe orientation 


pecimen at temperature 
lurype orientation to 
matrix grains. In the 
A and B onentation 
of each other, de 


Since 


mall prains in 


ut the ¢ pense 


local tluation vrain in 


ntution large grains of 


ionly be consumed by 
entation and have the 

with 
amount of grains in I orienta- 
Thu the amount of 
I} onentation would depend on both the 


probability of sur 


competing A orien 


mall Mrain ol 
reasonable 
‘ pected lo remain 

il it 
mad 


econd anne temperatures under step 


condition 
the specimen is annealed directly at 
thie ol 


aoe many 


high tem 
nucleation of component A 
hould its rate 
tallized be 


tirne and so 
Phe deformed 
ould tran 
dus 

of 

attire \t 


matrix recry 
form into numerou 
to its high rate of 


interval Af 


Mrains in 
nucleation and 
at high annealing 
only 40 pet of the de 
which tallize 
well a The 
matrix tallizing 
the 
tem 


time T, uy 


formed remain then reery 


into component I a into component A 
recry 
fraction of 


mnount of deformed actually 
would be a small 
Phu the higher the 


perature, the Ie the material 


itites COM pone nt 


total volun annealing 


available to be con 


‘RD 


Fig 14--Superimposition of four off cube orientations to 
form the cube onentation 
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VieTALs 


Fig. 15-—-Schematic 
drawing of isother 
mal recrystallization 
curves of components 
A and B if they re 
crystallized inde 
pendently 


verted into B orientation and the 
‘I he 


of onented 


harper the 
bused on the concept 


com 
ponent A above analysi 


nucleation hypothesis is in agreement 
with the observation that all equivalent recrystal- 
likely when 


place at a low temperature 


ure more to occul 


tuke 


lization component 
recrystallization 


Summary 

1) Copper (358)[523] initial 
onentation retain their orientation up to 95 pet re 
thickne Further cold 
multipheity of this orientation 

2) After different temperature u 
component of the recrystallization texture of either 
an off 

$) Ina deformed matrix of the 
the occurrence of tallization 
on both annealing 
The 
higher the 
exhibition of all equivalent 


ingle crystals of 


duction rolling generates a 


annealed at 


a cube or cube orientation was observed 
ame orientation, 
texture depend 
temperature and rolling reduc 
the 


reduction, 


recry 
tion temperature, the 
more likely the 
tallization com 


annealing 
the 
recry 


lowe! 
rolling 


ponent 
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Grain Growth in Dilute Alloys of Copper 


An experimental study of grain growth in dilute binary alloys of copper was performed. It 
was found that the grain growth law D = Kt” fit most of the data. The grain growth exponent n 
decreased with solute content until a saturation value was obtained at slightly under 0.2 for both 
silicon and aluminum solutes. It is concluded that the grain growth exponent n depends upon so 
lute adsorption at the grain boundaries. An estimate of the activation energy was made and it was 
found that the activation energy decreased with temperature. The activation energies for grain 
boundary migration compare well with values obtained from internal friction studies on identical 
alloys. This contributes strong experimental support for the two-step mechanism for complete 


grain boundary stress relaxation. 


by S. Weinig and E. S. Machlin 


N a previous study of the grain boundary stres 

relaxation phenomenon, the authors had arrived 
at the conclusion that two successive steps were 
involved in the complete relaxation of stress at a 
grain boundary. These two steps were grain bound 
ary migration and grain boundary ship. It was fur 
ther suggested that the slower of these two processe 
is rate controlling. In an attempt to ascertain the 
validity of the above, a study of grain growth 
kinetics on the same alloys used for the previous 
tudy was undertaken 

Separate wire specimens, 0.030 in. diam, in the 
ame as-deformed state (99 pet reduction in area) 
as in the previous investigation were heated to the 
various temperatures for a sequence of times. The 
compositions used and the temperatures of testing 
are summarized in Table L. A statistical determina 
tion of grain size was then made on each specimen 
using the average length of traverse between bound- 
aries aS a measure of the grain size. Examples of 
typical results obtained are shown in Figs. 1 and 2 
The grain growth law D kt" was found to fit most 
of the data. Using this relation, values of the grain 
growth exponent n were calculated and the inter- 
esting dependence of n on solute content shown in 
Figs. 3 and 4 was then obtained. Also, it was found 
that the constant K which was obtained from extra 
polation is roughly independent of solute content 
(K is uncertain to within *25 pet.) 

An estimate of the activation energy for grain 
growth was made using the technique of Burke 
This method utilizes the plot of the reciprocal of 
time necessary for the grain size to increase from a 
definite starting size D,, to a final size D, for each 
isothermal heat treatment. The slope of this curve 
corresponds to the heat of activation for the proc- 
c In Fig. 5 the rate of grain growth ts plotted 
against the reciprocal of absolute temperature. The 
activation energies were obtained from these curve 
and are summarized in Fig. 6 


Discussion 
It is interesting to note that the same saturation 
in the variability with concentration has been found 
for the grain growth exponent m in this research a 
was found in the previous researches on both grain 
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Fig. | Average grain diameter as a function of time at 600°C 


boundary stress relaxation’ and internal friction of 
dislocation origin” The significant feature is that 
aturation in the variation of these properties ha 
been found to occur at about the same level of 
olute concentration, namely, between 0.1 and 0.5 
atomic pet. The only characteristic common to these 
different quantities is that solute adsorption at grain 
boundaries and dislocation can take place and affect 
these values in a similar fashion. Thus, it is con 
cluded that the grain growth exponent nm depend 
upon solute adsorption at the grain boundari It 
appeal therefore, that theoretical consideration 
leading to the contrary conclusions’ have not 
treated the real process by which solute atoms exert 
their effect on grain growth 

Prior to the analysis of the observed activation 
energies, certain of the aspects of the aforemen 
tioned grain boundary stress relaxation investiga 
tion will be briefly reviewed. It was found that with 
the addition of solute atoms the grain boundary 
tress relaxation peak (internal friction vs temper 
ature) decreased in intensity, Simultaneously a see 
ond peak was observed which increased with 
creasing solute atom joth of these peak 

hown to be the result of grain boundary stre 
laxation. They have been termed, respectively, pure 
peak and solute peak. It wa uppested that the 
olute peak was dependent upon grain boundary 
migration, whereas the pure peak was a manifesta 
tion of grain boundary slip. Activation energies for 
both peaks were obtained as a function of solute 
content 

The value of the activation energy 
ature range corresponding to the solute peak wa 


in the tempet 
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Fig 2-- Average grain diameter as a function of time for a 
05 atome pct Cu Si alloy 


Fig. 3—Grain growth 
exponent n asa 
function of the sol 
ute concentration, 
copper base alloy 
containing aluminum 
solute 


Fig 4—Grain growth 
exponent nasa 
function of the sol 
ute concentration, 
copper base alloy 
containing silicon 


solute; 600°C 


Fig. 5—Rate of grain 
growth os a function 
of the absolute 
temperature tor 
binary alloys of 
copper in Cu Si 


10.000 to 55,000 cal per mol. The same batch 
then 
gation. In 
which the solute 


the internal friction study wa 


present grain growth invest 
the ame temperature range at 
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peak appeare ad 


rapolated values of the ac- 
ivation energy r grain growth are 51,000 and 
16,000 cal per m r the 0.5 and 1 atomic pct Si 
alloy respectively 1 the temperature range cor- 
responding to the pure grain boundary stre re- 
tudy the inter- 


values for the a 


xation peak found in the previou 
riction measurements yield 
vation energy in exce of 80,000 cal pe! mol. Thi 


in comparison » the extrapolated value of 


61,000 to 78,000 cal per mol for boundary migra 


lon occurril 


expel 


during grain growth in the present 


iments on identical specimens. It apparent 


Table |. Compositions of Copper Binary Alloys Studied in This 


Investigation’ 


Alley Composition, Atomic Pet 


that the 


migration 


of activation for grain boundary 
n much better agreement with that for 
than for the pure peak. This result 

consistent with the prediction made in the pre- 
vious paper. It supports the theory developed there 


enerpey 


the olute pcur 


that complete grain boundary stre relaxation in- 


namely, boundary mi 
beheved 


latter in pure 


volve two succe ive tep 
yration and boundary slip. The former | 
dilute illoy and the 
metals. The existence of the two grain boundary 
in an alloy is believed to be 
the result of a distribution in adsorbability 
for the grain boundaries present. A fraction of the 
olute to limit their ability 
controls the rate of 
The remain 
which have not adsorbed sufficient 
olute, can migrate faster than grain boundary slip 
them. Hence, the latte: 
trols the rate of shear stre relaxation along these 


controlling in 


tre relaxation peak 
olute 
boundaries have sufficient 
rate The migration rate 
relaxation along these boundarie 
ing boundari 


can oceur along tep con 


‘ 


relatively solute-free boundart 


The temperature dependence of the activation 
Similai 


been found by other investigators, a 


energy found in this research is not new 
result have 
for example im the econdary recrystallization of 
coppel An explanation of this behavior as we ll a 
of the olute 


ponent 1 till de ired Becau e of the discontinuou 


dependence of the rain growth e> 
nature of boundary migration during grain growth 
(long periods of stability followed by very rapid 
migration), it believed that the explanation must 
nvolve the concept of a fluctuation in) which 
boundary 1 able 


ad orbe ad 


to cle part from it atmo phe ré 


olute or vice versa 


Conclusions 


1) The grain growth law D 
describe atisfactorily the data for dilute binary 
Of Coppel 

2) The 


olute 


train growth exponent a function of 


content ip to ipproximatelys 


utomic pe 
{) Activation energies for grain migration com 
value 


pare well with obtained from internal fric- 
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anism for complete grain boundary shear str rm 
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Fig 6—The activa 
tron energy for grain 
boundary migration 
as a function of 
temperature 
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Technical Note 


Concerning an Order-Disorder Transition in the Ni-Cr System 


by B W. Roberts andR A 


controversy has centered about 
the existence of an order-disorder transforma 
vicinity of 75 
All the evidence 


to date for such a transformation is of a rather in 


tion in alloy in the composition 
atomic pet Ni and 25 atomic pet Cr 


confirmation 1 
mall difference 
nickel and 


nature ince direct X-ray 
a result of the 
factor 


direct 
difficult to obtain a 
cattering 


in X-ray between 


chromium. As a result, superlattice lines would be 


very faint if present. Several investigator have 
observed anomalies in the electrical resistivity \ 
temperature curves of alloys in the vicinity of 25 
atomic pet Cr. The observed change is characterized 
by a rather broad resistivity peak at about 540°C 
drop in resistivity is normally a 

However, Taylor and Hin 


rationalized that the could 


A discontinuou 
ociated with ordering 
ton’ have 
conceivably be caused by changes in the Brillouin 


discrepancy 


zones upon ordering. The same investigators mea 
ured the specific heat as a function of temperature 
and have also observed anomalies in the vicinity of 
40 C 
of the absence of 
of a discontinuity in the resistivity 


Nordheim and Grant have proposed, because 
uperlattice lines and the absence 
temperature 
improbable and that 


curve, that long-range order i 


the results could be better explained by short-range 
ordering. To date, however: the question ha not 
been resolved satisfactorily 


yeutron diffraction techniques provide a method 


partially resolving the question since nickel and 
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Swalin 


chromium have considerably different atomic seat 
in the case of neutrons and, therefore 
hould be 
ofa neutron diffrac 


tering factor 
uperlattice peak if ordering oceut 
The result 


coupled with a dilatometrie in 


readily discernable 
tion investigation 
ot tude eve 
Laboratory, Uy 
vestigation are reported here 
An alloy containing 28.0 atomic pet Cr was pre 
pared trom carbonyl nickel and electrolytic chrom 
jum in the form of a l-in. diam x 10-in. ingot. Melt 
done in an alumina crucible and casting in 
mold. The 


1250 C for even day 


ing wa 
ingot was homogenized at 
after 


havings in order to obtain a 


“raphite 
which a 5S-in. long 
piece was cut into 


uitable neutron diffraction sample. Hardne am 


ples and sample uitable for dilatometrie analysis 


('s in. diam 2 in.) were prepared from the re 


maining piece. The neutron diffraction sample 


ample, was annealed at 
even diay at which time the tem 
lowered to 479 C and held at thi 


temperature for twenty-four more day The hard 


along with a hardne 
1 C for 
perature wi 
re wus observed to increase from 13% to 147 Vin 
during the course of the annealing treatment, in 
qualitative agreement with Nordheim and Grant 
taken at room tem 
hown in Fi 1. ‘The 


taken at room temper 


Neutron diffraction trace 
perature and at 4.2K are 
ert shows the tr: 
hort counting tine and thus onl 

No evidence for superst 
i-type ordering is obse: 
of the 2°K trace 
mall angle id in aluminun 


rom the cryostat y and a vet 
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reflection 


296°K 


100 110 


100 


(200) (220) 


15 20 
26 


weak reflection near the (111) peak which is at 


tributed to the vanadium sample holder. The 111 


A 
( ) reflection is observed as well as two very 


weak reflections at (100) and (110) positions which 


ure at the proper angles to coincide with 200 ( ) 


A 
and 220 ( ) econd-order reflection The three 


econd-order intensities have the ratio to the first 
order reflections e 
Kelative 


eyvlindrical 


Kpected at the wave length used 
intensitie have been calculated” for a 


pecimen utilizing the following con 


Table | Calculated and Observed Neutron Intensities at 42°K 


20 (*) 


LOIBA, pr density 
0352 x 10" cm 1.033 x 

the temperature factor 2M 45x 10" em 
a 3.54A. In Table I the observed intensits 


be compared with calculated intensiti for 


tant A 


long-range order (S 0) and perfect long-ran 
order (S 1). Perfeet long 
utely ruled out since no unexpected intens! is ob 
erved at the (100) and (110) uperstructure re 
flection positions and the calculated intensiti ure 
high, being roughly one tenth of the (111) funda 
indicated by the dashed reflec 
mall amount of long-range ordet 


range order immed) 


mental reflection a 
tionin Fig |. Ifa 
were present and in evidence in the (100) and (110) 
reflections to the extent of one or two intensity unit 
the neutron data would appear inconsistent 
evidence of diffuse maxima is present to 
high state of short-range order. If ordet 
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Fig. |—Neutron diffraction data 
taken at 42°K. Insert shows 
data taken at 298°K. Environ 
mental background included 


mall amount of long-range order, the re- 
will be expected to have a high de- 


Induce a 
maining atom 
vree of short-range order 
A dilatometri annealed at about 
980 C for 12 hr and water-quenched to room tem 


othermally 


ample Wa 
perature, after which the sample wa 
unnealed at 510 C for six day 
No volume change occurred. Similarly 


in a dial gage quartz 
dilatometer 
1 volume change was observed upon annealing at 
(* for six day An alloy 
‘yr and 75.1 pet Ni wa 
annealing a quenched 
duy yielded no volume change either. The 


ample containing 24.9 
also obtained. Isothe 
ample at 510 C for 


fact that no volume change occurred suggests that 
ince all known 
ociated with ig- 


long-range order is not important 

order-disorder transitions ure a 

nificant volume changes. It 1 
a 25 atomic pet Cr alloy was observed 


ignificant that the 
ving almost immediately upon iso 
thermally annealing at 479 C 
The neutron diffraction and dilatometric result 
reported here indicate that long-range order of the 
lassical Cu,Au type ts not produced by annealing 
equences Which result in the observed resistivity 
und specific heat anomalie The lack of diffuse 
hort-range order maxima suggests that a high de 
of short-range order is absent. If long-range 
order and pronounced short-range order are not 
considered as the cause of the resistivity change ob- 
erved near Ni,Cr composition, what physical proc- 
esses remain? Changes in a low degree of short-range 
A precipitation proce by ord) 
nary diffusion might cause the resistivity change 
but thi unlikely, since the resistivity wa 
found to begin changing almost immediately upon 


order are possible 
appeal 
isothermal annealing at temperatures as low a 


4179 C 
antiferromagnetic transition as a nondiffusion con- 


and to reach a maximum in a few hour An 


trolle ad proce 1 to be con ice red but neo ¢ vidence 
ts for a transition in the vicinity of 540 C 
(813° K) 
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Preferred Growth Direction of Metals 


A theory is developed for face-centered-cubic metals which predicts that the preferred 
orientation formed during solidification of the columnar zone of an ingot is: 1) the « 111 
direction for pure metals, 2) no preferred direction for slightly impure metals, and 3) the 

100 - direction for impure metals and alloys. The theory predicts the direction of for 
mation of boundaries between substructures and the occurrence of stray crystal formation 
as a function of the orientation of the solid-liquid interface and the degree of constitu- 


tional supercooling existing in the liquid. 


by William A. Tiller 


EVERAL authors'* have shown that, during 
solidification from the melt, the direction of for 
mation of substructure boundaries depends upon the 
direction of heat flow and the rate of solidification 
of the metal. The most prominent of these observa 
tions was that a preferred orientation developed 
during the solidification of the columnar zone of an 
ingot which for face-centered-cubic metals wus the 
direction given to 
account for thi 
boundary phenomena are all based on the premise 
that the phenomena are characteristics of the pure 
However, recent experiments by Rosen 
have demonstrated that the pre 
orien 


Previous explanations 
preferred orientation and the other 


element 
berg and Tiller 
ferred orientation in pure lead is the «111 
tation, and that the heretofore observed 100 
orientation is due to the effect of solute on the mode 
of solidification of the metal 
Teghtsoonian and Chalme: 
boundaries in tin, and Chalme! 


tudying triation 
and Rutter, study 
ing corrugation boundaries in tin, showed that these 
W. A. TILLER is associated with Westinghouse Research Lab 


oratories, Pittsburgh 
TP 4450E Manuscript, Aug 14, 1956 New Orleans Meeting, 


February 1957 
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were aligned parallel to 
of growth, and 


ubstructure boundaries 
the axis of heat flow for slow rate 
that the alignment varied from thi 
function of the rate of growth to approach the den 
drite direction at high rates. Chalmers,” studying the 
direction of formation of a grain boundary 
ing two crystals of different orientation, showed that 


direction as a 


eparat 


parallel to the 
it will devi 


at slow growth rates the boundary | 
axis of heat flow, while at higher speed 
loping into the erystal 
most from 


ute from this direction 
dendrite orientation departs the 


phenomenon that 


whose 
the axis of heat flow. It is thi 
allows certain crystallites in the chill zone region of 
an ingot to encroach on their neighbor and ulti 
mately produce the preferred orientation of the 
columnar zone of the ingot. Since the previous ex 
unable 


planations of this preferred orientation are 


to account for the recent observations, a new mech 
anism will be considered. This will lead to an ex 
planation of the other substructure boundary phe 
nomena as well 


Investigation by Graf ho enbe rg, and 


Billy 
have demonstrated in a striking fashion that 
place by the deposition of in 


close-packed 


othe 
crystal vrowth take 
dividual layers oriented 
of the material considered, This 


along the 


plane lamellar or 


JULY 1957, JOURNAL OF METALS 847 


Fig of the solid liquid interface on a horizontal 
section through the crystal representing the edgewise growth 


of (111) platelets 


111) interface in lead showing the 
platelets X300 Reduced 


Fig 2-- Micrograph of a 
nucleating centers of the (111 
approxmmately 15 pet for reproduction 


Fig 3 Micrograph of an (hk!) interface in lead showing the 
traces of the (111 X300 Reduced approximately 
15 pet tor reproduction 


platelets 


found not only on 
of low 


also on crystal 


typical 
yrnmetry uch a 
with high 
yrnmmetry uch as tace-centered-cubie crystal 

hemht of a lamella both 
urface of the crystal and on a de 


onal tal bu 


which 1 visible 
posed 
interface enerally between 10 and 
Rosenbers ha 


olidification of 


canted 
hown cinematographically 
lead does not occur by the 
mooth interface normal to itself 
rowth of these platelet 


advancement of a 
but occurs by the edvewtse 
ronduce u corrugated interface a hown in 


which 4 


Fig 1 Fig | represents two crystals cut to reveal 
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the platelet outlined in a horizontal section. The in- 
dividual platelets are shown extending back into 
the solid to facilitate visualizing the direction in 
iich they grow. In general, the plane separating 
platelets is a {111} plane. However, platelets of 


100) ‘110; and type have ] been 
) 


observed on rare occasions. Fig. 2 shows a (111) In- 


terface of lead on which the platelets appear to be 


nucleating. The mounds in the micrograph are con- 
4 


nucleation centet! Fig. 3 shows an 


mak 


idered to be 
interface of the (hkl) type, the (111) platelet 
ing an angle with the interface 

By considering the edgewise growth of the {111 
(hkl) 
| to account for the preferred orientation in 
pure and impure metals and the othe 
The present paper is a theoretical ex- 


platelets on interfaces of onentation, it 1 
ossible 
boundary 
phenomena 


imination of these boundary phenomena and_ the 


development of a preferred growth direction in 
metals under the following main heading 1) pre 

ferred growth direction for an ultra-pure metal; 2) 
lack of preferred growth direction for a metal con- 
olidified 


growth 


taining a small amount of impurity, and 
and 3) development of 


a function of the growth con- 


preferred 
direction inan alloy a 
dition 

The treatment to follow concerns itself with face 
and, specifically, lead. It will 
particular {111} platelet sy 
parallel to 


centered-cubie metal 
assumed that the 
that operates is the one most ne arly 
Experiments on lead appear to sup 
umption. Metals of other crystal type 
a fundamental platelet mechanism and 


interface 
port this a 
olidify by 
the platelet plane | 


known, a similat analysis can 


ried out 


Theoretical Considerations 


Pure Metal—In this section it will be 
the growth of the (111) platelet 
ferred [111] orientation in a casting of pure lead 
of preferred orientation have 


hown how 
can produce a pre- 
Previou treatment 
ary to produce an interface 
of different om 


assumed that it Is nece 
tep between two adjacent cry tal 
entation in order to have one encroach on the other 
\ simpler approach is to determine if it is possible 
to produce such an interface step in a pure metal 
and thi 

From the 
phase equilibrium, the free energy per unit volume 
in the two erystals of different orientation would 
different in order to make the liquid 
olid transformation temperatures different. In the 
would only be possible if there were 


approach will be considered 


viewpoint of the thermodynamics of 


have to be 


pure metal thi 
different degrees of imperfections introduced into 
the two crystals. This is very unlikely since for any 
rientation the atoms of the liquid become a part of 
the solid by being accommodated at a corner site, a 
represented in Fig. 1 

If the kinets of the transformation are con 
idered, the treatment of Chalmet may lead to an 


nterface tep, but one which would produce a 
100 + preferred orientation for pure lead 

Since both kinetic 
iderations are unable to predict the existence of an 


tep which could account for the preferred 


thermodynamic and con- 
interlace 
111 - ornentation in lead, the conception of an in 
tep between adjacent cry tals being a ne 
essury prerequisite to a preferred growth direction 
discarded, A fruitful 
developed by considering the properties 
formed at the 


tertace 


approach 
of the grain 


interface between 


must be more 


boundary 


Prove 
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©. 
OSS 
~ 
be cu, 
SS 
SS 
poliate 
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the crystals. It may be assumed that such a groove 
exists 

Fig. 4 illustrates a grain boundary groove formed 
between crystal A having a lll > orientation, and 
crystal B having an hkl orientation. During 
growth the crystals are growing independently, the 
lateral component of growth causing them to meet 
at the boundary region. The portion of solid which 
forms to provide intimate contact between A and B 
must contain the grain boundary surface, thereby 
having a greater free energy per unit volume than 
the solid some distance from the boundary. The 
liquid-solid transformation temperature of this in 
tercrystalline material is therefore lowered, causing 
the point of junction of the two crystals and the 
liquid to occur a certain distance behind the rest of 
the interface. This distance will depend on the tem- 
perature gradients in both the liquid and the solid 
and on the misorientation between the crystals 

The platelet edge is assumed to make some angk 
# with the platelet face. If it is also assumed that one 
platelet cannot project over the edge of the platelet 
beneath, and from nucleation considerations this ap 
pears reasonable, then the maximum slope of the 
determined by the angle that the 
with the interface. The 
with the 


groove walls is 
platelet plane makes 
lower the angle the platelet plane make 
interface the 
for any #, the {111} interface shown in Fig 
teepest slope 


teeper the groove can be. Therefore, 


4 will 
produce the 
hapes of the grain 
boundary grooves for having the inte 

hown. The crystals comprising the 


Fig 5 illustrates the pos ible 
bicrystal 
face onentations 
bicrystal in both cases are misoriented from each 
other by an angle W due to a symmetrical rotation 
about the specimen axis. It i 
ever, that if Fig. 5 represents the grain boundary 
groove existing between the crystals, then the liquid 
in thi ince a positive 
temperature gradient exist 
Under these conditions it is possible 


quite apparent, how 


groove will be supercooled 
in the liquid ahead of 
the interface 
for a conjugate (111) platelet system to provide 
It is not known at thi 


any nucleation problem involved in 


olidification in the groove 
time if there 1 
the formation of this conjugate (111) platelet sy 

tem. However, the nucleation of the conjugate plate 
let system will be easiest if the walls of the bound- 
ary grooves are {111} planes. This type of boundary 
groove will be considered, and it will be a 
that there is no nucleation problem associated with 
the operation of the conjugate (111) platelet sy 

tem hown in Fig. 6. More will be said about thi 


umed 


nucleation problem late 

If both bicrystal 
ame heat flow conditions, 1 ame temperature 
vradient in the liquid and solid, they are both ad 
along the 


of Fig. 6 are growing under the 


vancing at the same rate, R, 
axis. If the conjugate platelet systems are nucleat 
hown, then 


pecimen 
ing at the centers of the groove walls a 
these platelet 
rates in the two bicrystal 
olid a distance R,At in time At. A 
Chalmet the net rate of attachment of atom 
the interface is a function of the 
Therefore, in order for a platelet to advance edge 
vise at a certain rate R’, it must be 


must grow edgewise at different net 
in order to advance the 
discussed by 
onto 


upercooling AT 


upercooled by 
an increment of temperature AT’. In order for the 
in Fig. 6 to advance the 


boundary groove ame di 


tance in unit time, and they must under identical 
heat flow conditions, the conjugate platelets of the 


bicrystal with the <hkl -interface must grow faster 
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Fig 4—Representa 
tion of a grain 
boundary groove be 
tween a crystal hav 
inga- Ill on 
entation, and a 
crystal having an 
hkl» orientation 


Fig. 5—Bicrystals, each misornented by an angle , due to a 
rotation about the specimen axis a) LEFT. crystals having 
intertaces, and b) RIGHT crystals having (111) 
interfaces 


y 


Fig. 6—Grain boundary cusps if conjugate (111) platelet 
systems are operating 


Gra Grain 


Boundary Houndary 


Relative shapes of the grain boundary cusps under 
bicrystal and an 


Fig 7 
similar growth conditions for a WW 
hkl. brerystal 


Fig 8—Bicrystal of 
hkl, 

type under actual 

growth conditions 

showing that the 
Wl crystal will 

encroach on the 
hkl | crystal 
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Fig. 9—Horizontal 
section of the crystal 
illustrating the fiber 
structure of the 
corrugations and the 
normal growth com 
ponent at the 
intertace 


Boundaries 


conjpupate platele ts of the 11] bicrystal 

can only oceur if the average temperature at 
the platelet edge for the hkl lowe! 
than for the 11] 
ofthe grain boundary 


Nill therefore aa 


bicrystal 1 
bicrystal and the relative shape 
vrooves for the two bicrystal 
hown tn Fig 7 
Phi ibove discussion ha not 

thee 
ive due to the presence of the solid. If thi fact 
immediately 


considered any 


taken into consideration it will be 
that the 
the departure of the temperature gradient in the 


teeper the groove, the greater will 


ve from the macroscopic temperature gradient 

liquid, G7,, toward the macroscopic tempera 
ture pradient in the solid, G.. For reasonable rate 
of prowth G (;, and, therefore, at the 
a platelet on the 


ame di 
tance Sa behind the main interface 
wall of the 111 

edvewise at a faster rate than a platelet on the 
proove wall of the hkl bierystal. This enhance 
the effect diseu 


teeper proove can grow 


ed above 

From the foregoing considerations it can be seen 
that when an hkl» erystal and a 11] crystal 
form a bierystal the grain boundary groove will be 
unsymmetrical in shape. This boundary groove will be 
very much like that produced by taking half of each 
of the two bierystals in Fig. 7 and joining them at 
the boundary. The normal growth of the conjugate 
platelets on the groove walls will lead to an over 
hang of the hikel » erystal by the 111 > erystal as 
hown in Fig. 8 Thus, the 111 crystal will en 
croach on the hkl erystal. This leads to the de 
velopment of a preferred 111 + direction of growth 
in the columnar zone of an ingot of pure lead 

If the growth of a 1ll>, lll >) bierystal 
where the ymmetrical one 1 
considered, then one of the crystals might be found 
to encroach upon the other during growth 
may have |e difficulty in nucleating the conjugate 
(111) platelet system on the groove wall than the 
other. Consider the 11] bicrystal in Fig. 6 as 
being unsymmetrical with respect to the boundary 
let the right-hand crystal have a 110 direction 
n the plane of the paper pointing toward the 
boundary. Let the left-hand crystal have a 211 
direction in the plane of the paper pointing toward 
the boundary. Then, if the boundary groove ts pet 
pendicular to the paper, the groove wall of the 
right-hand erystal may be a {111} plane and the 
conjugate (111) platelet system has little difficulty 
in nucleating. However, the groove wall of the left- 
hand crystal cannot be a {111} plane, and there will 
be a nucleation problem associated with the forma- 
tion of the conjugate platelet system on this wall 
Thus, the right-hand erystal would be expected to 
encroach on the left-hand crystal. An experiment 
Shewmon" on bycrystals of zone 


boundary its not a 


since one 


carried out by 
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isotherms of the liquid near the 


refined copper having the orientations described 
above verified the prediction that the crystal with a 

110. direction pointing toward the boundary al- 
ways encroached on the crystal with the 211 
direction pointing toward the boundary 

Small Alloy Additions —In this section it will be 
hown how the presence of a small amount of solute 
hinders the growth of the {111} platelets to such an 
extent that a preferred <—111> direction of growth 
does not develop. Under these conditions no pre- 
ferred direction of growth develops. To account for 
this phenomenon let us again consider if an inter- 
face step can develop between two crystals of dif- 
ferent onentation 

From the thermodynamic point of view there may 
be a difference in equilibrium temperature of the 
two crystal faces if the melt contains a small amount 
of solute. Theoretical considerations, which will be 
discussed in a subsequent publication, support the 
presence of edge dislocation arrays on the (111) 
between platelets. The density of the dis- 
locations will be a maximum for a crystal of [111] 
orientation. This may lead to an interface step be- 
tween crystal 

From the kinetic viewpoint an interface step may 
ivain be produced. As the platelet advances edge- 
wise it reject olute from its edge, and this 
must diffuse away from the edge for growth to pro- 
ceed at the initial edge temperature. If a (111) 


plane 


olute 


plane is in the plane of the interface, a platelet can- 


rapidly across the interface, since it 1 
building up a solute distribution at this edge which 
will not be able to diffuse away at as fast a rate as 
it is being rejected. This diffusion problem will be 
ubsequent publication. However, 
qualitative results indicate that the temperature of 
a (111) interface is lower than the temperature of an 
(hiel) interface 

The above effect which may 
interface tep between crystals, only 
of the ~ 111+ preferred orientation 
located at the grain boundary 
solute in the 


not grow 


considered in a 


produce a small 
account in 
part for the lo 
The major cause | 
Because of the existence of 
Tiller et al.” have shown that a nonequilib 
rium solute distribution will exist in the liquid ad- 
jacent to the advancing interface. Tiller and Wine- 
‘tard’ have shown that under these conditions the 
rain boundary groove will act as a sink and, if the 
distribution coefficient” is le than unity for the 
olute concentration will exist in 


remove 


liquid 


olute, a greater 
this region than on the rest of the interface. There 
will therefore be no supercooling in the liquid of the 
vroove region as long as the conjugate platelet sys- 
tems operate 

It will be immediately apparent that the edge- 
wise growth of the conjugate (111) platelets in the 
groove region of an (hkl, 111+) bierystal will 
tend to trap solute near the base of the 
which will restrict further growth of the platelets 
Thus, the platelets in this region are constrained to 
“row more slowly because the solute cannot readily 
diffuse out into the bulk liquid. The main part of the 
crystal is still advancing at its normal rate, and this 
will lead to a deep boundary groove. The conjugate 
platelets of the 111 crystal are growing at a 
teeper angle than the conjugate platelets of the 
hkl» erystal and, because of the solute diffusion 
restriction, must advance more slowly. The presence 
of the solute passivates the platelet growth in the 
groove region. Therefore, there will be no overhang 
of the hkl crystal by the 111 crystal as for 


groove, 
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Fig. 10—Cellular interface composed of (111) platelets ad 
vancing at some angle to the interface normal a) Micro 
graph X250. Reduced approximately 25 pct tor reproduc 
tion. b) Schematic representation. Section A A shows no 
solute trapping at the cell boundary; section BB shows 
detinite solute trapping at the boundary 


pure lead, Fig. 8, and the 111 crystal will no 
longer be able to encroach on the « hkl > erystal 
The above considerations appear to be adequate 
sof the ~ 111 
tation by the influence of a 
These apply 
centration and the growth conditions are 


to account for the lo preferred orien 


mall amount of solute 
olute con 
uch that 


liquid 


consideration when the 


no constitutional supercooling exists in_ the 

adjacent to the interface 
Alloys—This section diffe: 

the effect of constitutional 


from the last in that 
ipercooling on the de 
velopment of preferred orientation will now be con 
idered 

When a crystal i 
olute 


become 


grown from a melt containing 
the layer of liquid adjacent to the interface 

enriched in solutes having distribution co 
efficients le than 1. The 
thi olute distribution have been calculated for a 
Tiller et al They have 


et of growth conditions the 


quantitative feature of 
mooth plane interface by 
hown that for a critical 
mooth interface will break down into an interface 
consisting of a network of cellular projections. Rut 
postulated that these cell 
relieve the constitutional 


ter and Chalme: form to 
upercooling in the zone 
interface 


of liquid immediately adjacent to the 


Tiller and Rutter’ have verified this hypothesis and 
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Platelet 
Growth Direction 


Nucleating 


Center 
he 


Cell Boundary 
(b) 


Section AA 


Definite Boundary 


Fig 


cleating center 


Cellular interface, each cell containing its own nu 
a) Micrograph X250. Reduced approx 
mately 25 pct for reproduction. b) Schematic representation 
of platelet growth 


hown that as the amount of constitutional 
project 
further into the liquid to relieve the instability 

to consider in what way the cell 
ure able to relieve the constitutional supercooling 
a longitudinal section 


have 
upercooling is increased the cellular caps 


It is necessary 


From Fig. 9, which represent 
of the cry 
rugations, it will be apparent that the growth at 
the tip of the projection will be normal to the sur- 
face of the solid, so that there is not only growth 
down the axis of the crystal, but there is some 
lateral direction also. This lateral 
vrowth traps solute between the cells which cannot 
diffuse out into the bulk liquid. Because of this high 
boundaries this 
liquid cannot freeze until a lower temperature 1 
reached, The way 


titutional 


tal to show the fiber structure of the cor 


growth in a 


olute concentration at the cell 
in which the cells reheve the con- 
upercooling is that they trap solute at 
the cell boundaries that would otherwise reside in 
the solute-rich layer of liquid at the interface, In 
etfect 


then, they lower the solute concentration at 


the interface and thus the constitutional super 
cooling 

Fig 10a shows a cellular interface composed of 
(111i) platelet ome angle to the in 
terface normal: this is the initial stage of cellular 


advancing at 
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operating to provide solidification on cell. ¢ 


852 


Fig 12 a 


let system occurs 


cellular 


Shape of cell at which instability of single plate 


b) Two conjugate (111) platelet systems 


Micrograph of 


interface on which three conjugate (111) platelet 


systems are operating X500 Reduced approximately 30 pct 


for reproduction 


ection of eellulas 
10b. For the 
ving to the right in the 

o that there will be a drift of these 
Thus, no solute will be 
cells, and no pronounced cell bound 
be formed ohd. On see 

u lateral growth of the platelet 

or Which tend to 

Phi in turn 

a pronounced cell 

Thus, although the 

cellulat morpholo if 

ectioned to the 

ww the solute di 


chematy 


ection 


trapped at 
inn Uhre 


trup 
forms deep 
and boundar’ 


olid 
pore ent a“ 


inter 


intertace 
tribution only a line 
hould be observed 
from segregation to the B-B 
a cellulat 
tem with deep gi 
In thi ase, each cell 

cl tal, with the (111) 
cell This is repre 
From the 
platelet, by 

olute into the 
nto the cell 


into the region where 


prepgation 


bal how interface con 


le platelet OOVE 
plate 
on each ented 
lib 


eon that the 


ot ony 


chematic draw 


bull 


boundary 


regectin 
repectin olute 
pushin 
ipped hie 
to the average ntertace the 
be olute in th 
enting the inte 


ectioned parall 


thie plate let plane 


able to trap 
tal pre 
lla were 
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solute dis- 
segregation 


how the 
olute 


to the interface and etched to 
tribution, a cellular array of 
hould be observed 

It will be 


tour of the 


readily appreciated that, as the con- 
cell ary to relieve the instability 
a point is reached at which the platelet 
begin to push solute into the surface of the adjacent 
hown in Fig. 12a. When this happens, this 
ide of the cell cannot fast as the cente! 
of the cell, and an instability will arise here. At thi 
point, the edge of the platelet will become the face 
and the platelet will growing outward, a 
hown by the dotted arrows. When the slope of thi 
is appropriate, the instability is relieved by 

the operation of a conjugate platelet system which 
pushes the solute into the liquid rather than 
t the adjacent cell. At thi tage all of the 
cells will have conjugate platelet systems operating 
on two of then ide , a hown In Fig 12b The con 
dition will eventually be reached in which the othe 
ides of the the olute problem 
in the intercell region and, if it is possible, the other 
two conjugate platelet tems will nucleate to re 
lieve this instability. The above applies to the de- 
velopment of a cell for a (100) interface. Here, there 
tems that can operate 


nece 


chanved, 


cell, a 


grow as 


begin 


out 


cell encounter ame 


are four conjugate platelet sy 
Three are shown in Fig. 12¢ 

For an interface of the (hkl) orientation which 
lie omewhere near the center of the stereographic 
one of the {111} planes make 
about 25° with this high index interface, 
(111) planes make angles of about 
10. 70°. and 90°. A cellular interface of this type 
become very unsymmetrical as the conjugate 
operate to bound the cell and, for a 
length of the cell, the cell width 
interface must be larger than the cell 
(100) interface. This is illustrated by 
Fig. 13. The angles between the conjugate platelet 
on the two cells are different because the platelet 
are not normal to the section drawn. This Is a section 
through the center of the cell 

If the growth of an (hkl) interface 1 

cun be the transition from one 
to two, then three, and four operating platelet y 
to change the direction of the corruga- 
axis of the when only 
operating toward the dendrite 


triangle an angle of 
wherea 


the conjugate 


must 
plate let 
projection 
for an (hkl) 
width for a 


tem 


iven 


considered, 


demonstrated how 


tems oceul 


tion axis from the 


pecimen 
me platelet system 1 
ixis and when the multiple platelet sy 
iting. Fig. 14 shows the development of this type of 
cell. It only shows the development of one cross sec- 
tion, as it is very difficult to represent the three-di- 
mensional development. This, however, will serve to 
illustrate The platelets on the cells 1 
2 are growing in the @ direction as shown, where 6 

the angle between the (111) plane and the 
ize macroscopic interface, and they produce the 
ABC. At thi 
the same system growing 
rhe growth on cell 2 in the (# 7) direction will be 
toward cell 1 at B. This will trap 
forming a boundary there, and it will 


tems are oper- 


the point and 


aver- 


tave there are 
in the (4 4+ w) 


urface no platelets of 


direction 


pushing solute 
olute at B, thu 
also inhibit the growth of cell 1 at B in the @ direc- 
tion. Cell 1 will then begin te become asymmetrical 
When the ufficient to produce a fact 
of the prope! the B side of cell 1, a 
jugate (111) platelet system will nucleate and begin 
to provide growth 

As thi 
mal to it 
to thi 


asymmetry 1 


lope on con 


tem begins to grow no! 


second platelet 
elf, it greatly 
point the cell boundary ha 


increases the asymmetry. Up 


been constrained 
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to form along the axis of the crystal because the 
trapping of the solute occurs at B. However, now 
cell 1 begins to overhang B, so that the boundary 
must deviate into cell 2. The boundary will deviate 
more and more as the cell continues to develop this 
econd platelet system. The boundary will finally Lie 
along that axis about which the diffusion of solute is 
symmetrical; i.e., along the axis which is the bisector 
of the angle between the two platelet systems 
When, finally, the four platelet systems are operat 
ing, the corrugations will be pointing and growing 
in the 100 direction for 
metal ince this is the direction bounded by fou 
(111) platelets. This accounts for the 
variation in the direction of formation of corruga- 
a function of the rate of growth. Increasing 
the rate of growth increases the amount of constitu 


face-centered-cubic 
conjugate 
tions a 
tional supercooling to be eliminated by the cellulat 
interface, forcing the cell to be more well developed 
As the length to width ratio of the cellular caps in 
more platelet systems must be operating 
and, therefore, the head of the cell 1 
aligned toward the dendrite direction. The corruga- 
tion boundaries are then growing in this direction 
The above considered the development of cells on 
ingle crystals having (hkl) interfaces. Let us now 
consider the growth of a bicrystal. Under condition 


creast 


more closely 


projection 
already 
with re 


of constitutional supercooling, cellulat 
form on the interface of each crystal. A 
teeper the platelet plane 
pect to the average interface plane, the more the 
olute can be trapped in the boundary 
The more solute there is in the boundary, the le 
olute there is in the solute 
therefore, the lower the 
interface. The lower the solute concentration at the 
higher the freezing 
(100) interface is able to grow at a 
than an (hkl) interface, since 

teeper angle with the inte: 
that can 


mentioned, the 
region 


rich layer of liquid and 
olute concentration at the 
interface, the temperature 
Therefore, the 
higher temperature 
the platelets make a 
face, and there are four conjugate system 
bound this type of cell 

The cell size is determined by the growth condi- 
tions and the amount of constitutional supercoolins 
to be relreved: i.e., there must be enough cell bound 
ary to receive the extra solute and there must be 
time for diffusion and platelet growth to get it there 
It is obvious that the smaller the cell width, the le 
time it will take for the diffusion of the solute to the 
cell boundary. Therefore, if the cell widths in ad 
jacent grains differ, then the grain with the enlarged 
cell size cannot diffuse the necessary amount of 
olute to the cell boundary in the time allowed, and 
o will have a higher concentration of solute at it 
interface than the other grain. Rosenberg and Tiller 
have shown that, for crystals with well developed 


Cel 
oundaries 


Fig. 13—Relative cell widths on an (hkl, and a (111) inter 
face for a given projection length of cell 
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Fig. 14—Develop 
ment of a cell on an 
(hkl) as 
the constitutional 
supercooling ts 
increased. 


cells, an interface adjacent grains | 
found to occur when the two grains have cells of 
different size. The large cell size ts found on grains 
of high index orientation, as predicted earlier, and 
the small cells on erystals of low index orentation 
The interface with the smaller cells is always in 
advance 

The significant difference in cell size as a function 
of orientation has been discussed by Tiller and 
Rutter, and can be accounted for by the inability of 
'll1l} platelet systems to form a bounded cell of the 
ize and contour for interfaces of high 


tep between 


appropriate 
index onentation 

It can be seen from the foregoing that the pre 
solute allows the interface of one crystallite 
to be stable at a higher temperature than another 
interface of le favorable orientation. Because of 
the interface step the erystal in advance will en 
croach upon the depressed crystallite and eventually 
1row it out of the specimen. The erystal in advance 

the crystal closest to the {100} orientation, so that 
the boundary in a bicrystal will deviate into the 
crystal which departs the most from having it 

100 direction along the axis of heat flow. The 
boundary will deviate the most at high rates when 
the cells are well developed and the interface step 
is the greatest 

The trend toward a preferred orientation is found 
to occur in the early stages of cell development 
This may be due to the breakdown to cells of a 
(100) interface before an (hkl) interface. If it re 
constitutional 


ence of 


quire ome nominal gradient of 
upercooling in the liquid ahead of the interface to 
rake the interface become unstable, the (100) in 

terface will become unstable before an (hkl) inter 

face. The instability will be shown by projection 
forming on the interface and extending ahead of the 
main interface into the liquid.” The projections will 
of the (111) platelets and will be 
direction. Thus, it is the nominal 
upercooling in the direc 


be on the edge 
growing in thi 
vradient of constitutional 
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Fig 15--Intertace position relative to the furnace as a 


function of the freezing rate R 
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treatment 
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from the edge 
© that there | 
fur- 
from which heat can be lost laterally by radia 
the surroundings. The important point to 
consider is that the faster the tal 1 
olidify u this technique, the further the 
liquid interface is outside of the furnace. Thus, 
heat can be lost laterally from this zone of liquid 
as the olidification increases 

Since 


Crean a 


must be further away 
hown in Fig. 15, 
of liquid between the interface and the 


interface 
of the furnace, a 


hace 
tion to 
made to 
solid- 
more 


cry 


ing 


peed of 
the temperature gradient 

more solid is formed, it 1 
vradient in the liquid that must decrease in order to 
yrow at a greater Thi only be done by 
lateral heat loss from the region of liquid ahead of 
the interface. Fig. 16 represents the temperature 
“vradient in the liquid as a function of rate. For low 
of growth the gradient is constant. As lateral 
heat losse the temperature distribution 
curves become flatter at the interface. The 
the lateral losses, the flatter the temperature gradi- 
ent will become; the lateral losses can increase to the 
created ahead 


in the solid de- 
the temperature 


rate can 


rate 
occul 


preate! 


point where a zone of supercooling 1 
of the For growth under a temperature 
distribution of type ¢ the solid will form faster than 
for type a or b, since extra latent heat can be liber- 
ated to flow down this the liquid. In 

the extra heat be enough to elimi- 
temperature invet! However, the lat- 
may be so great as to maintain thi 
condition in the extra heat supphed from 
the solidification of the solid at the 
Thi of temperature distribution has been re- 
ported by Gos 

From the 
travel 


interface 


gradient in 
ome Case may 
nate thi 
eral heat lo c 


spite of 


increased rate 


Ly pe 


above it can be seen that, as the rate of 
increases, the temperature gradient 
and the rate of solidification 
ome critical rate of furnace 
initiated 


furnace 
in the 
increase 
travel 
n the 
the 
Crease a 
fore, the 


rate are 


liquid decreases, 

Therefore, at 
constitutional supercooling will be 
zone of liquid adjacent to the interface, and 
amount of constitutional supercooling will in- 
the rate of furnace travel increases. There 
effects ascribed to the difference in growth 
probably caused by the amount of constitu- 
tional supercooling in the liquid adjacent to the 
interface 

Nucleation of Stray Crystals It 
laboratories that the 
ingle crystal growth in- 
reases as the rate of growth and as the 
dendrite orientation of the crystal departs from the 
direction of heat flow. This has been considered by 


has been ob 


erved in many tendency for 


tray crystal formation in 


Rye, 


x - 


Fig. 16—Temperature distribution in the liquid as a function 
of the freezing rate R 
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Chalmers, and may be explained by the previou 
analysis. Since the degree of constitutional super- 
cooling increases as the rate of growth increases, the 
development of a cellular interface increases. The 
cells are unable to eliminate all of the constitutional 
supercooling and, since the probability of stray 
nuclei forming in this zone of liquid increases as the 
degree of supercooling increases, the rate of forma 
tion of stray crystals will also increase with the rate 
of growth. If the crystals are grown by a horizontal 
travelling furnace as in the study of Goss,” it is also 
possible to produce a temperature distribution of the 
type in Fig. 16c so that stray nuclei will have an 
even greater probability of formation 

For a crystal of high index orientation, the rate of 
growth at which the crystal can no longer relieve all 
of the constitutional supercooling is less than for a 
crystal of low index orientation. Therefore, the de 
gree of constitutional supercooling in the liquid ad 
jacent to a high index orientation crystal will be 
greater than in front of a crystal of low index orien 
tation for the same rate of growth, and the prob 
ability of stray formation will also be greater 

In this way both the orientation dependence and 
the rate of growth dependence of the frequency of 
stray formation have been accounted for 


Conclusions 

The foregoing treatment shows that the preferred 
onentation in face-centered-cubic metals is caused 
by the interaction between the three important vari 
ables of growth: 1) K, the crystallographic feature 
of the growing crystal where these are manifest in 
the anisotropic growth characteristics of the plate 
lets; 2) T, the temperature distribution in the metal 
and 3) S, the solute distribution in the metal. It ha 
been shown that the direction of formation of grain 
substructure boundari« during 
not a characteristic at 


boundaries and 
solidification from the melt 1 
tributable to the nature of the pure metal, but | 
due to the effect of the growth conditions on the 
mode of solidification 


A theory 1 
metal 


developed for face-centered-cubi 
which predicts that the preferred orientation 
olidification of the columnat 
ngot | 1) the 111 + direction for pure metals; 
2) no preferred direction for slightly impure met 
als; and 3) the ~ 100 direction for impure metals 
and alloy The predicts that the direction 
of formation of boundaries between substructure 
for slightly impure metals is a) along the axis of 
heat flow if there is no constitutional supercooling in 
the melt, and b) deviated toward the axis of den 
dritic growth in the specimen as the constitutional 
in the melt. The theory also 
frequency of stray crystal forma 
ingle erystals will in 
increased 


during zone of an 


theory 


upercooling increase 
predicts that the 
tion during the growth of 
crease as the constitutional 
the orientation of the solid-liquid interface 
from the (100) 

This onee 
that the existence of constitutional 
on the mode of 


upercooling 
ind a 
che part 
again illustrates the magnitude of effect 
upercooling ha 
olidification 
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Technical Note 


Nucleation Sites of Bainitic Carbides in Alloy Steels 


by S. M. Kaufman, G M. Pound, and H_ | 


HETHER the carbides a 


precipitate from the ferritic component of 


ociated with bainite 


bainite, as originally suggested by 
Bain, or from the adjacent austenite at au 
tenite:ferrite boundaries, as proposed by Hultgren 
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Aaronson 


remains in dispute \ recent metallographic in 


estigation in this laboratory ha hown that the 
a plain carbon hypo 
within ferrite at 


temperature and in both ferrite 


baimitic carbide formed in 


eutectoid nucleate entirely 

nd austenite at lower temperature The present 
nvestization was undertaken to ascertain the effect 


of alloying elements on the nucleation site elected 


balnitic carbide 
The compositions of the steel tudied were a 


lable I. Specimens of these steels were 
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Fig. |—Carbide 
protruding into 
austenite trom 
austenite ferrite 
boundary ‘arrowhead 
No. |) and carbide 
consuming sliver of 
entrapped austenit« 
ll, ‘arrowhead No 2 
Reacted for 35 sec 
at 475°C Etched in 
2 pet nital 
Enlarged approx: 
mately | 8 times for 
reproduction 


\ 


and isothermally 
reacted at temper: eld moderate 
mounts of relat large car in partially re 
acted specimen veloped within 
range 450 ) ; teel Im the 
chromium steel, however, the rang was narrowly 
centered about 600°C. while in the silicon steel no 
reaction temperature was found which fulfilled thi 
peciheation 
The basic result 


dependent of both composition and reaction tem 


obtained were ibstantially in 


perature Arrowhead No. 1 in Fig. 1 points out a 


carbide which can be seen, upon careful examina 
tion, to protrude appreciably into the adjacent au 
tenite. The frequency with which such presumably 
uustenite-nucleated carbides were found at the au 
eparated ferrite 
ullicient to 


account for the density of carbides in a number of 


tenite ferrite boundarte of well 


poliate mowever, did not appear to be 
these plate ome of the carbide thus appear to 


ve precipitated from the ferrite plate rather 
thea from the 


type indicated by arrowhead No 


urrounding austenite In areas of the 
2. where adjacent 
ferrite plates have closely approached impingement 
on the other hand, carbides were rather frequently 
observed to have partially consumed the remaining 
li of austenite. Schrader and Weve: ind Ko 
have previously discussed the later type of proce 
but considered it to be the only mechanism through 
Vhich bainitic carbides are precipitated 
Evidence of the type cited above for the precipita 
tion of carbides from ferrite is indirect in nature and 
cannot be appreciably improved without a quantita 
tive analysis of the distribution of carbide about 
ind within the bainitie areas. An analysis of thi 
however, does not appear feasible in view of 
complex shapes which the ferritic component of 
normally develop In the chromiun tee! 
ever, unequivocal evidence was obtained for the 
rmation of ibstantial numbers of ferrite-nucle 
ited carbide Specimens of thi teel which were 


eacted at 600°C initially contained bainite plate 


in which appreciable ¢ as of ferrite were unblen 
hed 


ounded by mia dark-etching 


carbide . pliate were quickly ul 
aborescent 
pearlite d later reaction time however, the entire 

bainite plates etched more rap v thar 


The additional carbide precipitation 
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occurred entirely within the bainite 
observation and the basically similar 
observations made by Davenport” on a Cr-Mn-Mo 
teel and by later investigators on Ni-Mn-Mo’ and 
provide direct proof of the precipitation 


nece arily 


plate Thi 


tee! 


*In these stee carbides did not appear within ferrite plates 
t of carbide-free ferrite had formed. The 
irbides is according certain. The low tem 

te porari carbide -free ferrite was 
val of time between the 


f carbide 


resulted 


‘ s the difference between 
ree, rather than of kind 


of bainitic carbides within ferrite in a diversified 
roup of alloy steels 

On the basis of the observations made during the 
present and previous investigations, it is concluded 
that the carbides associated with bainite in alloy 
teels can nucleate both in austenite and in ferrite 
This is in marked contrast to the behavior of a plain 


Table |. Composition of Steels Studied 


Desig Pet Pet Pet 
nation Ni Mo tr 


0 007 0 008 
0 092 
0.020 0020 
oo1l0 
9012 0 007 
0 020 0014 


teel over an appreciable range of tempera 
difference 


carbon 
ture” A 
has not yet been found 

Although the carbide precipitate in the bainite 
in both plain carbon and alloy steels can 
have dual origins, especially at lower temperature 
it seems advisable to retain the original definition of 
given by Davenport and Bain’ (ferrite- 
nucleated carbides only). This practice permits rec- 
ognition that two distinctly different reaction mech- 
anisms are often involved, Le., one precipitate 
nucleates within another precipitate in the case of 
ferrite-nucleated carbides, whereas both precipi- 
tates nucleate in the matrix in the case of austenite- 


atisfactory explanation for thi 


range 


buinite 


nucleated carbides 
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Tensile Properties of Zone Refined Iron in The 
Temperature Range from 298° to 4.2°K 


The tensile properties of zone refined iron have been evaluated in the temperature 
range from 298° to 4.2°K. It has been found that the higher the purity, the lower the 
flow stresses and the better the low temperature ductility. Yield stresses as low as 3,800 
psi have been observed at room temperature and elongations of 10 pct have been observed 
at 4.2°K. The major portion of the ductility at 4.2°K arises from twinning. Deformation 
by twinning at 4.2°K is not suppressed by prestraining at room temperature and the twins 
occur all through the test. Slip traces were observed to initiate at the ends of previously 


formed twin traces. 


by R. L. Smith and J. L. Rutherford 


LTHOUGH considerable effort has been devoted 

toward the determination of the mechanical 
properties of pure metals, it is extremely difficult to 
compare the results of such work. This is because of 
differences in method and type of test, grain size 
heat treatment, and purity of material. There 1 
very little information on the properties of most of 
the high melting point reactive metals with puriti 
greater than 99.9 pet 

Previous evidence concerning the tensile prope: 
ties of unalloyed metals show that: body-centered 
cubic metals are brittle at low temperatures; face 
centered-cubic metals remain ductile; some hexa 
gonal metals remain ductile, others become brittle 
It may be that traces of impurities decrease the low 
temperature ductility of the body-centered-cubix 
lattice. This would suppose that a body-centered- 
cubic lattice free from impurities would exhibit 
nearly the same ductility as a face-centered-cubi 
tructure. The present investigation has been an 
evaluation of the tensile properties of zone refined 
iron in order to determine whether higher purity 
material than that previously evaluated behave 
differently 
Experimental Procedure 
In this investigation, high purity iron was zone 

purified using the floating zone method.’ The starting 
tock was obtained from two sources. The first 
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Fig |—Tensile properties of vacuum melted ion, grain size 


ASTM No 8 
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Fig. 2. Tensile properties of vacuum melted iron after zone 
purification, gram size ASTM No 56, 10 to 20 pet of bar 
length 
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mpurity content of 


quantity of impurity element 
mulytical re ul ‘ e uvailable fon the 
\ reason timate of in purity 
efined rod made from con 
tile eaulet condition ap 
used experimentally Table I 
estimate These value ure very 
eulculated tor onl five pusse where 


‘ 


yore iven over twice this number of 


bFurthermore experimental 
nvestization checked quite well 
eoretical calculation The experimental 
conmeentration profiles were obtained by monitoring 
thie of radioactive tracer in zor 
bas inder a known set of condition () 
Ubsequent handling and processing, no mat 
performed, may introduce minor 
mipurities, especially carbon 

urification in dry hydrogen, the rod 
00625 in. diam and annealed in a 
uum at 900°C. The rods were then 


i liam, cut to specimes with a 


and hand polished to ; ur zero 


were then iven a reerystalliza 
treatment mothe region of 600 C for 
pecimen were polished elec 
reat care was taken to avoid pecimet 


During formin urface material 
vu remove by abrasion wt ry paper fol 
lowed by etchin rinsin and ashing in alcoho! 
ifter each operation 

Phe tensile ts were made in a hydraulic tensil 
ipparatus constructed for use over a range of tem 
peratures including that at liquid helium. The ap 
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and the load recover 


carefully calibrated to determine the 


vjtness at each of the test temperatures, and from 


puratu Wa 


information a correction of extension was made 
ior each value of load. A constant rate of extension 
(10° see’) was used. Crosshead motion was read 
directly to 5 x 10° in. and the load to the nearest 

Since load drops were of special interest in this 
nvestigation, considerable care was taken to pre- 
vent slippage of the specimen in its grips. As an 
added precaution, the lengths of all specimens were 
measured after testing and checked against the 
ations as recorded during the tests 
Results and Discussion 

Conventional engineering stress-strain diagrams 

hown for various irons in Figs. 1 through 4 for 
tests at 298 , 199, 77°, and 4.2 K. Since the exten- 
ion, rather than the diameter, was measured during 
the test, the region of necking strain cannot be 
hown on a true-stress, natural-strain basis 

All of the specimens for which tests are shown 
vere reerystallized between 550° and 650°C in an 
uttempt to obtain a fine grained structure. Typical 
tructures are shown in Fig. 5. The grain size effect 
becomes very important at low temperatures and 

mask the effect of purity.” Therefore, 
wus taken to select those materials for 
my Biven series of tests that had similar structures 

Serrated Tensile Curves—It can be seen that some 
f the stre train curves have a wavy appearance 
due to load drops. Yield point phenomena, the oc- 
currence of multiple necks, twinning, and discon 
tinuous slip are all possible causes for this type of 
tre train diagram. Tests at 4.2°K on the are 
melted material before zone refining showed a com- 
pletely brittle behavior with fracture taking place 
Other tests at 298° and 199°K, 
how a well defined yield point with a smooth 
curve thereafter. However, 
train curves at 77 K show a wavy character. This 
makes it difficult to determine 
whether any of the yield points are discontinuous 
lds due to interstitials, twinning phenomenon, 
localized necking, or some other reason. 

A close examination of one of the tests at 77°K, 
Fig. 3, show to be scatter in the very 
arly plastic region. These are very distinct and pre- 
drops in stress but they occur so rapidly 
sO rapidly that they are diffi- 


in the elastic range 
Ir ; 


tre train stress- 


Wavy behaviot 


what appea! 


ipitou 


Fig. 3—Tensile properties of arc melted iron, grain size 
ASTM No. 3-5 
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cult to record. This sharp serrated type curve be- 
comes more distinct at testing temperatures of 
4.2°K, as can be seen in Figs. 2 and 4. In some cases, 
the stress drops are as great as 20,000 psi. The mag- 
nitude of the drop is apparently related to the stress 

Serrated tensile curves (purportedly others than 
those caused by strain aging) have been reported 
over a wide range of temperatures for a variety of 
materials (5 through 24). Many investigators be- 
lieve that the phenomenon is caused by twinning; 
others think that it is caused by slip due to highly 
localized heating. However, it occurs for many 
materials under a variety of conditions and is in- 
terpreted differently by many investigators. It does 
not seem reasonable that one general explanation 
should serve in all cases 

Deformation in iron at low temperatures takes 
place by twinning and slip. The stress necessary 
for slip increases sharply with decreasing tempera 
tures. It seems reasonable that at some low tempera 
ture, and in cases where there are favorably ori- 
ented grains, twinning will take place before slip 
The onset of twinning should be accompanied by a 
sharp drop in load with a small amount of strain 


Table |. Analyses of High Purity Irons Used in This Investigation 


Zone Puritied 
Iron, Calca 
lated, Ppm 


Vacuum Melted 
Iron.t Ppm 


Are Melted 


Elements fron,’ Ppm 


Oxygen 

Nitrogen 

Hydrogen 

Carbon 

Aluminum 

Antimony 

Arsenic 

Barium 

Beryllium 

Bismuth 

Boron 

Cadmium 

Calcium 10 
Chromium 10 
Cobalt 10 
Columbiun 100 
Copper XO 

CGrallium , 10 
Germaniut 10 
Gold 100 
Lead ito 10 
Magnesium y 10 
Manganese X0 ‘low 

Molybdenum X0 ‘low 

Nickel 2 ) 
Phosphorous 

Silicon XO 
Silver 10 
Sodium 10 
Strontium 10 
Tantalum 100 
Telluriun 1000 
Tin >to 10 
Titaniun 10 
Tungsten 

Vanadium x 
Zine 10 
Zirconium to 10 


° means element not detected, figures shown indicate limit of 
detection 
Metallic impurities analyzed by Sam Tour and Co. Inc., New 
York. For nonmetallic impurities, see reference 2 
to 9 


ince the process is discontinuous. The stress then 


would increase elastically until the material again 
deforms by twinning. It can be seen in Figs. 2 and 
4 that, in general, the peak stress values increase a 

the strain increases, indicating that twinning occur 

progressively in favorably oriented grains. There 
may be localized heating due to the energy release 
so that the deformation process is adiabatic. Thi 

would allow some deformation to take place by slip 
in the heated, stressed area. Local heating would not 
be a necessary requirement for slip since twins 


could be regions of stress concentration from which 
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Fig 4—Tensile properties of arc melted iron after zone 
purification, grain size ASTM No 3-5, 20 pct of bar length 


Although the drops in load 
train due to 


slip could easily start 
would probably be accompanied by 
both ship and twinning, the primary cause of the 
onset of this type of discontinuous deformation in 
iron is most likely twinning 

A flat tensile 
tested in tension at 4.2 K. The test wa 
immediately after the first drop in load. A micro 


electropolished and 
interrupted 


pecimen Wa 


graph of the surface is shown in Fig. 6a. The sur 
then polished and etched electrolytically, 
two micrograph 


fuce wa 
Fig. 6b. A comparison of these 
hows that remain after repolishing and 
etching but others disappear. This means that both 
ure present after the first drop 
pecimen was then retested at 4.2°K 
harp drop in load occurred, The 
hown in Fig. 6¢ 


ome trace 


twin and slip trace 
in load. The 
until the 
ame area Wa 
The original twin trace 
ened and a few additional 
Fig. 6d shows the same area after repolishing and 
etching. Again some have disappeared indi 
cating that they were slip lines; new twins can be 
een on the right. With reference to the foregoing 
interesting to note that new slip 
the ends of previously formed 
monitored and showed 


econd 
examined and | 
appear to have been broad 
lip traces have appeared 


trace 
paragraph it 1 


appear at 
Several areas were 


trace 
twin 
the same result 

There is a possibility that the twin 
as a result of the load drop in the same manner that 
during impact 


could appeat 


they occur at higher temperature 
However, twin 
ably due to the high stre: 
the rapidly propagating crack that is 
impact load. Even for this type of twin formation it 
should be emphasized that it has not been proven 
that twinning does not precede slip 

Effect of Prestraining on Serrations One of the 
errated curves | 


occurring during impact are prob 
concentration set up by 
caused by the 


most interesting aspects of the 
illustrated in Fig. 7. Zone melted iron from the first 
5 pet of the bar length was tested at 77 K. The ser 
than 30,000 psi.” At 


rations started appearing at le 


* Paxton and Churchman’ showed milar harp serration 


iron tested at B4°K at about 42,000 psi and attributed the behavior 
to twinning 

45,000 psi a 
increase in stre Ziving the appearance of a normal 
discontinuous yield. The specimen was then un 
loaded and again brought up to room temperature 
lippage 


harp drop occurred followed by a slow 


and examined carefully for specimen 


had occurred. The avuin tested at 
77 K and 


again followed by a slow increase in stre 


pecimen Wa 
harp drop at 49,500 posi, 
It wa 


howed anothe! 
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Fig 5 


Typical recrystallized structures of iron used in tensile tests, 74 pct reduction of area. LEFT TO RIGHT. a) vacuum melted 


iron, heat treated for 30 min at 600°C ; b) vacuum melted iron after zone purification, heat treated for 10 min at 600°C: c) arc 
melted iron, heat treated for 40 min at 600°C, and d) arc melted iron after zone purification, heat treated for 10 min at 600°C 


X200 Reduced approximately 35 pct for reproduction 


inlowded apain and brought up to room tempera 
xumined carefully and, finally, it wa 
tested at 44.2 K and showed the usual serrated curve 
eri Wid within | hr, with the 
than '% hr 

If thermal instability were the cause of the se1 
high stresse low 
pecitie heats, and thermal conductivities are nece 
then the marked 


ture and « 


completed 
total time at room te mperature le 


ration and a combination of 


my requirement erration 


for the first test at 77 K are difficult to explain, since 


In fact, the ther- 
mal conductivity is nearly two times that at room 
Kather, it seem likely that in 
grained material, several of the 
favorably oriented so that twin 
before slip. The 


ubsequent load drops 1 


none of the requirements are met 
letiperature more 
thi very course 
laryvel site 


mocul rapid increase of peak 


! merely due to 
favor 


The nearly ela 


if during 
with orventation 
ut these tre ‘ 


errations is because the stresse 


the relativel few repion 
able for twinning 
tie climb between 
ie not yet high enough for appreciable slip. to 
oceul Upon retesting at 77 K. the fir t drop is again 
noing and the subsequent slow increase 
accompanying the drop 
o that 
ippreciable deformation can take place by slip. The 
ame holds true for the third test. In the fourth test 
K, the sei again primarily due to 
“The 
further 
ne place | lip. This is because the stre nee 
for slip tronply 
herat4.2 than at 7 
\ further consequence thi eries of tests is to 


Ww that deformation 


the and lurpe train 


ie becuuse the stre is now sufficiently high 


ration site 
harp drops and nearly elastic climb 


vidence that very little deformation | 


temperature dependent and 


lip does not necessarily 
ippre twinning a postulated by Pfeil and 
md Cottrell More conclusive proof of 
in Fig. & This shows the fractured se« 

one melted 
eh ha 
then 


hurchinan 


pecimen of intermediate 
4 pet at 
immediately tested to racture at 


ben tr mned room tem 


inning extends back from the fracture into 
diametet This also 
is not always restricted to the 

y of the tracture 
rupted 
Cottrell 


Vel foul 


test have been made by 
They 


rburized Armeo tron tested in 


obtained marked 
liquid 
did not observe serrations for carbon and 
pecimen They also noted that the 


eliminated by prestraining at 


behavior wa room 
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temperature and testing immediately in liquid au 
They concluded that twinning was eliminated by re 
moval of carbon and nitrogen or by prestraining 
limit for 


pend so markedly on temperature. Thi 


ince the elasti lip would not then de 

conclusion 
cin net conform to the present experimental re- 
ults. The relationship between initial slip and twin 
ning cannot be explained simply on the basis of im 

purities per se, but must involve 
, method 


uch other factor 


test temperature of changing impurity 


Table !|. Ratio of Ultimate Stress to Yield Stress 


Vacuum Are 
Melted Melted 
tron After Are Iron After 
Zone Pari Melted Zone Puri- 
fication Iron fleation 


Testing Vacuum 
Temper Melted 
ature, OK Iron 


content, and the effect of these methods on other 
metallurgical variable 

Flow Stresses—Figs. 9 through 12 summarize the 
effects of temperature on the flow properties of the 


various irons. Both the yield stre and ultimate’ 


oad was the highest 


ste tre 


culated 


load divides origi 


curves for the zone melted material fall be 
se for the material not zone melted. The 
t difference 
The comparisons of the flow. stre curve 
must be rationalized on the basis of the difference 
in both purity and grain size. The 


occur at the lowest tempera- 


vacuum melted 
therefore 
highest flow stresse at any given 


material has the finest grain ize and 
hould have the 
train and temperature 

The effect of 
illustrated quite 


purification on flow 
effectively by the 
curve at room temperature for zone purified mate 
rial, Fig. 4. This test i 
room temperature test shown since it has a larger 
rain size, ASTM No. 2-4. The yield , Is 3,800 


psi, Which is unusually low 


propertse 
lower tensile 


not a duplicate of the other 


The temperature dependence of yield stre in 


iron is difficult to evaluate because of the interfer- 
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Fig. 6—Arc melted iron after zone purification, polished and etched electrolytically before testing LEFT TO RIGHT: a) after first 
drop in load; b) after first drop in load, polished and etched electrolytically; c) after second drop in load; and d) after second 
drop in load, polished and etched electrolytically. X225. Reduced approximately 35 pct for reproduction 


ence of twinning and the significant grain size effect 
A comparison of the yield stress vs. temperature 
curve for several metals is shown in Fig. 13. Ingot 
iron” is shown in comparison to zone purified iron 
of two grain sizes. A  body-centered-cubic pure 
metal, tantalum, 
8 brass” are also shown. The typical low tempera- 
ture dependence of yield stress for face-centered- 
cubic metals is illustrated by the curve for nickel 

The initial flow stress of the pure iron is not a 
temperature dependent as that of the ingot iron 
In fact, the curve for the large grained pure iron i 
approaching that of 8 brass. This iron came from the 
first 5 pet of the zone purified bar but was very 
badly duplexed. It must be kept in mind that the 
low temperature points for iron are not true value 
of the yield stress for slip since they are most likely 
due to twinning. Of course, if there is slip in locally 
heated layers, the temperatures would be highe 
than that shown. This would have the effect of mak- 
ing the yield stress curves steeper. The primary 
effect of zone purification on flow stresses was to 
lower them. It can be seen from Figs. 9 through 12 
that the temperature dependence has not changed 
appreciably 

It ha 
present in iron, less than 10° wt pet C i 
a dislocation density of 10° lines per sq em.” An 
estimate of the carbon present in the refined iron 
of about 10° wt pet leads to the expectation of a 
yield point. If the 
initial level portions of some of the curves 
then be indicative of yield phenomena. If less than 
the amount of interstitials necessary for a yield 
were present, the curve would become perfectly 


and the body-centered-cubice alloy 


hown that for no yield point to be 
required at 


been 


train scale were compressed, the 
would 


mooth 

It would be of value to be able to calculate the 
temperature dependence of yield stre down to 
0 K for a body-centered-cubic metal to compare it 
with experiment. Unfortunately, only crude com- 
parisons can be made since the theory ts not suffi- 
ciently advanced and the experimental data cannot 
be corrected for the effects of grain size, purity, and 
twinning. The Cottrell and Bilby analysis for tem 


perature dependence ~*~ does not fit the data obtained 


in this work. 
Strain Hardening 
wavy character of the tensile curves at low tem- 
peratures, it is difficult to measure the strain hard- 
ening other than by using the ratio of the ultimate 
tress to the yield stre This ratio show 
in strain hardening with decreasing test tempera- 


Zecause of the serrations and 


al dec rease 
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tures down to 77° K, Table Il, From 77° to 4.2°K 
the ratio increases 

There is no significant difference in the strain 
hardening characteristics of the arc melted iron be 
fore and after zone refining. The vacuum melted 
iron has lower ratios of ultimate stress to yield 
tress than the same iron does after zone melting 
However, this is not a reasonable comparison be- 
cause of the differences in grain size 

The increased values for specimens showing duc- 
tility at 42° K are also not comparable to other 
values since the material is probably not actually 
train hardening but merely using up regions of 
easy twinning first 

Ductility——Reduction of area and uniform strain 
are used as measures of ductility and are shown in 
Figs. 9 through 12. The uniform strain of the mate- 


Fig. 7—Interrupted 
tensile test of arc 
melted iron after 
zone purification, 5 
pct of bar length 
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Fig End of tensile specimen tested at 42°K after pre 
straining 2 pet at room temperature, showing extent of 
twinning Fractured end at left. X80. Reduced approxi 
mately 50 pct for reproduction 


zero at °K, whereas the 


material still retain ore 


rial not zone melted i 
zone purifi uniform 
train at this temperature. The reduction of area of 


iron at low temperatures is probably more strongly 
dependent on grain size than any other property. It 
hown that the total strain (In A,/A) of 
iron at liquid air temperatures is extremely depend- 
enton grain size” A change of grain size from ASTM 
No. 4 to 7 changes the total strain from 0.2 to 0.9 at 


This effect of grain size 1 


ha been 


liquid air temperature 


independent of the heat treatment provided the 


material is relatively pure 

The result how that the are melted zone puri- 
fied maternal, Fig. 12, undergoes a very gradual de- 
crease in both reduction of area and uniform strain 
About 6 pet strain and 18 pet reduction of area re- 
inain at 42° K, as contrasted to the completely 
brittle behavior of the are melted material which 
Wis not zone purified. Since the grain sizes were the 
ame in both case the increase in ductility is due 
to impurity removal 

The vacuum melted material before zone melting 
train 
with a complete 


hiv. 9, shows a marked decrease in uniform 
with decreasing test temperature 
ubsence of extension at 4.2 K. The reduction of area 
curve do not how a temperature dependence 
However, it must be kept in mind that the grain 
ize of the much finer than the 
zone melted material. If the starting material had a 
ize of ASTM No. 5-6, it would probably have 


tarting material wa 


Miain 
hown no reduction of area at liquid helium tem 
perature. The vacuum melted material after zone 
purification, Fig. 10, showed only a gradual decrease 
in uniform strain with a 7 to 10 pet elongation still 
remaining at 42° K. The reduction of area curve 
does not show an appreciable temperature depend- 

hadowgraph of a zone purified specimen tested 
ut 42° Ko is shown in Fig. 14a. The high reduction of 
area of very fine grained material at low tempera 
tures may in some cases be a valid measure of duc 
tility but in others it can be very misleading. For 
instance, the tests at 4.2 K for the vacuum melted 
material before zone melting, Fig. 1, show only an 
elastic behavior, with fracture taking place before a 
yield, yet thi 


duction of area. The tensile behavior was completely 


material showed a 75 to 85 pet re 
brittle with fracture occurring catastrophically, yet 
the fracture ind indicates a high ductility, 
at ! hown in Fig I4b. Thi type of fracture can 
eecur with no observable drop in the load. It ha 


fibrou 


been observed previously by one of the authors on 
very fine grained 1020 steel tested in liquid air. In 
those test the tensile bar 
glass windows. They fractured with no drop in load 
indicated on the Baldwin Southwark tester, yet they 
howed a strongly developed neck. The neck 


were observed through 


ulway 
must have formed very rapidly 
observed visually up to the instant of fracture 

The idea of a localized heating could also be util- 
type of behavior. However, thi 


ince it could not be 


ized to explam thi 
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does not seem logical for the same reasons discussed 
previously in connection with the serrated tensile 
curves. This behavior is probably not related to the 
errations, since they can occur even in specimens 
that show no appreciable reduction of area. The 
ability of a metal to strain uniformly may be 
changed by alloying. Lowering the test temperature 
also decreases the amount of uniform strain. No 
clear quantitative relationship has been established 
between the relative changes between uniform and 
nonuniform strain. The phenomenon observed here 
is probably the end result of a continual decrease in 
nonuniform strain 

It can be very misleading, then, to speak of duc- 
tility in terms of reduction of area when this type 
of behavior is present. For example, Bechtold” ob- 
erves that the ductility of tantalum, unlike othe: 
body-centered-cubic metals, is not highly tempera- 
ture dependent. This observation is based on the 
relatively small temperature dependence of the re- 
duction of area. The tensile curves show that the 
ductility as measured by the uniform strain de- 
creases with decreasing test temperature Basin- 
ki” has reported that ultra-fine grained vacuum 
melted iron has about a 60 pet reduction of area at 
4.2 K. However, thi 
uniform strain at the same temperature 

It cannot be concluded that all fine grained mate- 
how a high reduction of area at low tem- 
There must be other requirements, such a 
of carbon, etc 


iron also showed a very small 


rial will 
perature 
low oxygen content, minor amount 
The significant ductility parameter to use a 
parison between body-centered-cubic and face-cen- 
tered-cubic metals is the uniform strain. This meas- 
ures the ability of the material to pass on deformation 
from one localized area to the next. It always de- 
creases with decreasing test temperatures in body- 
centered-cubic materials, and even does so in the 
vacuum melted zone purified iron. The important 
factor to consider is that it decreases much le 
rapidly in this iron, and still retains a high percent- 
age of its strain at 4.2°K. This means that minor 
impurities play an extremely important role in the 
ductile behavior of iron 

Effect of Twinning on Ductility 
at 77 K do not show that there are appreciably more 


au COom- 


Interrupted test 


Fig. 9—Effect of 
temperature on prop 
erties of vacuum 
melted iron, grain 
size ASTM No. 8 
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. 
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twins after fracture than there are after the first few 
percent strain. This is in agreement with the results 
of Geil and Carwile.” However, for interrupted tests 
at liquid helium, this is no longer true. Although no 
attempt has yet been made to determine this quan- 
titatively, visual checks on the surface of electro- 
polished specimens show a progressive increase in 
the number of new twins and the size of the first 
formed twins as deformation progresses. Thus, the 
appreciable elongation of the zone purified iron 
could be the result of twinning. Although most 
metals can deform a maximum amount of a few per- 
cent by twinning, « iron can show a maximum de- 
formation of about 40 pet. This is for single crystal: 
most favorably oriented.” In any event, the amount 
of elongation occurring in the iron specimens tested 
at 4.2°K could be attributed entirely to twinning 
However, the presence of slip lines shows that at 
least some deformation takes place by slip 

The primary effect of purification on ductility 
most likely results from the lowering of the stre: 
necessary for flow. Carbon and nitrogen in iron 
cause nonspherical distortions but, as pointed out by 
Cottrell,” solute atoms would not cause nonspherical 
distortions in a face-centered-cubic lattice. Solute 
atoms would anchor only edge dislocations in face- 
centered-cubic metals, but both screw and edge dis- 
locations would be anchored by interstitial atoms in 
a body-centered-cubic lattice. Recently, Cochardt. 
Schoek, and Wiedersich” have shown that the in- 
teraction between a carbon atom and a screw dis- 
location in «@ iron has about the same strength as 
that between an edge dislocation and a carbon atom 
This would lead to the expectation of a stronge: 
temperature dependence of flow stress in body- 
than in face-centered-cubic 


centered-cubic metal 


metals. By lowering the interstitial impurities below 
the amount necessary to saturate all of the disloca- 


tions, the flow stress is lowered. This, in turn, en- 
ables the material to strain a greater amount before 
fracture occurs 

Fracture—All of the fractures not as 
high reductions of area occurred transgranularly on 
cleavage planes. A possible reason for this may be 
that certain large grains are oriented with respect to 
the stress © that they crack. This crack 
then propagates through cleavage planes in adjacent 
#rains. Several investigations have shown that 
the ductility in tension for single crystals of iron i 
trongly orientation dependent 

The idea has recently been revived that twinning 
related to brittle fracture by providing 
concentration The reason for 
this observation was that twins have not been ob- 
served in tantalum and this is the only body-cen- 
tered-cubic metal that does not undergo a ductile- 
to-brittle transition. That tantalum does exhibit 
uch a transition is shown by the marked decrease 
in ductility when the parameter chosen is elonga- 
tion. Blewitt et al.” have interpreted their results a 
showing the presence of mechanical twins in the 
face-centered-cubic metal, copper, when deformed 
at 4.2 K, yet copper does not show a brittle be- 
havior. 

Smith, Spangler, and Brick’ have 
twinning does not seem to impair the ductility of 
tested at 120 K showed appreciable 
of about 1.4 


ociated with 


direction 


may be 
regions of stres 


hown that 


iron. Specimen 
twinning, yet had total natural strain 
and uniform strains of 0.18 

Low and Feustel™ have discussed the problem in 
detail and have also concluded that brittle fracture 
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Fig. 10—Effect of 
temperature on prop 
erties of vacuum 
melted iron after 
zone purification, 
grain size ASTM 
No. 5-6 


Fig. 11 —Effect of 
temperature on prop 
erties of arc melted 
iron, grain size 


ASTM No. 3-5 


Fig. 12—Effect of 
temperature on prop 
erties of arc melted 
iron after zone puri 
fication, grain size 
ASTM No. 3.5, 20 
pct of bar length 


In iron is not due to twinning. ‘They found that for 
iron specimens containing carbon and tested in ten 
ion at 77 K, twins occurred but did not lead to frac- 
ture. Fracture took place only long after the ap- 
pearance of new twins had stopped. They suggested 
form on fracture due to the prior 
pointed out that 


that no new twin 
plastic deformation. These author 
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Fig. 13—Yield stress 
vs temperature for 
various metals 


itis most likely that the stress for twinning is higher 
than that for flow and that the stre 
required to produce twinning is provided at the end 
of slip band 
are In this work many cases show that the stre 
for twinning is lower than that for slip, Figs. 2, 4 
and 7, and that the stre concentration required to 
produce slip ts provided in some instances at the end 
lip band 
doesn’t necessarily indi- 


concentration 


temporarily held up at grain bound- 


of twin traces. Fig. 6 show propagating 


from old twin traces. Thi 
initiate 


cute that such stre concentration point 


fracture. The ends of twin traces can act as region 


of easy lip 


Summary and Conclusions 
The foregoing results lead to the following ob 


ervations and conclusion 

1) Lowering the impurity content in iron affect 
the tensile properties as follow 

The higher the purity, the lower the flow 

This 1 

between interstitials and screw dislocation 


probably because the interaction 

become 

less effective 
The 


temperature 


higher the purity, the better the low 
ductility as measured by elongation 
This is primarily because flow (deformation by both 


lip and twinning) takes place at lower stresse 


() A comparison of the temperature dependence 
of ingot tron to that of relatively pure vacuum or are 
impuri 


dependence of the 


melted iron shows that elimination of gro 
ties decrease the temperature 
Further purification does not change the 


Definite con- 


vield stre 
temperature dependence appreciably 
clusions cannot be drawn concerning this due to the 
interference of twinning at low temperature 

2) Since the zone refined tron retained an ap 
preciable ductility at low temperatures, the follow 
ing observations can be made 

A) Twin 
12° K and are not restricted to the immediate vicin 


oceur all during the tensile test at 


ity of the fracture 

B) Prestraining at room temperature does not 
uppress twinning at 4.2 K. The primary effect of 
prestraining may be to raise the stre necessary fot 
twinning 

C) The sharp serrations in the tensile curves 
may be attributed primarily to twinning. The wavi- 
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Fig. 14—Iron tested at 4.2°K: a) LEFT: zone melted iron 
showing 90 pct reduction of area; and b) RIGHT nonzone 
melted iron showing cup fracture without elongation 
ness is most likely due to a mixture of deformation 
by slp and twinning 
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Aging in Complex Commercial Ni-Cr Alloys 


Hardened with Titanium and Aluminum 


Four commercial Ni-Cr alloys hardened with titanium and aluminum, air melted In- 
conel X 550, Inco 700, and vacuum melted M-252 and Waspaloy, were studied in consider- 
able detail for aging response. Identification of the y’ phase, Ni, ‘Al, Ti), was made in all 
but M-252. Quantitative determination of the various carbides was also made. Two solu- 
tion treatments and two aging treatments were studied. The effect of such heat treat- 
ments on the rupture life and ductility was determined by means of creep rupture tests at 
1500° and 1600°F. Metallographic studies were utilized to cross-check the findings. 


by Robert F. Wilde and Nicholas J. Grant 


and Floyd’ work in. establishing 
phase diagrams based on the elements Ni-Cr- 
Ti-Al ha 
tion hardening mechanism in alloy 
clement Nordheim and Grant’ concluded that in 
imple alloys, and where the aluminum to titanium 
atomic ratio wa uch that le than three out of 
were replaced by titanium, the 


led to an understanding of the precipita- 
based on these 


five aluminum atom 
precipitate on aging is the face-centered-cubic Ni,Al 
phase, called y’. They further found that increasing 
amounts of hexagonal » phase, Ni,T1, precipitated 
from these alloys when the titanium content ex- 
ceeded the solid solubility of both matrix and Ni,Al 
For alloys of Ni-Cr-Ti-Al, in which the titanium and 
aluminum contents each ranged from 0 to 4 wt pet 
the titanium-rich » was superior for strengthening 
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to either pure y’ or ». It was also noted that the com- 
aluminum content (atomic pet) 
temperature 
these 


bined titanium plu 
measure of the high 
temperatures for 


was a direct 
trength and 
alloys." 

The present investigation was undertaken to ex- 
tend existing data on precipitation hardening in the 


overaping 


containing higher 
ignificant quan- 


more complex commercial alloy 
titanium plus aluminum, and with 
tities of cobalt, molybdenum, and carbon 


Experimental Procedure 
Reforging of As-Received Bar Stock 
were received as ground, forged bar stock 


The alloy: 
Chem 
ical analyses and the as-received bar diameters are 
hown tn Table I along with the ASTM grain size 
after the various treatment All stock except the 
Waspaloy was reforged to % in. diam to gain ma- 
terial and to facilitate machining of stress-rupture 
Forging was carried out at 2100 °F, and 
when the bar temperature fell to 


specimen 
discontinued 
1800 F 
Heat Treatments 
was desirable to heat treat all of the alloy 


For experimental simplhieity it 
at the 
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Fig |Log stress log rupture lite plot at 1500°F for Inconel 
X% 550 as a function of solution and aging treatments 


ame temperature As a result, no attempt wa 
made to duplicate commercial heat treatments. In 
tead, the 
limits of heat treatment and aging. The heat treat- 
ments were 

A) Solution at 2200 F, 2 hr, air cooled plu 
aut 1600 F, 24 hi 

i) Solution at 2200 F, 2 hr, air cooled, plu 
at 1200 F, 24 

(*) Solution at 1900 F, 
at 1600 F, 24 hi 

DD) Solution at 1900°F, 6 hr, air cooled, plu 
at 1200 F, 24 hr 

Klectrolytically extracted residue 
from bar olution treated at 2000°, air cooled and 
aged at 1500 F, 50 and 250 hr (heat treatments A50 
and A250) or solution treated at 2200 air cooled 
and aged at 1600°F, 24 hr (heat treatment B) 

Etching Procedure —-In the aged condition, the 
complex alloys were electrolytically etched in a 2 
pet HC] 2 pet Cr,O, solution, at 2.5 v, 30 see 
olution treated, it was necessary to immersion etch 
in 97 pet HCI, 2 pet HLSO, and 1 pet HNO, for from 
jO see to 2 min. Grain boundaries were satisfactorily 
etchant, but attack 
around carbide particles wa evere 

Stress Rupture Tests All test 
using gage dimensions of 0.250 in. diam by 1 in. long 


temperatures used represent the usual 


aping 
aping 


6 hr, air cooled, plus aging 


aping 


were obtained 


defined using thi elective 
ometime 
were carried out 
Specimens were held at temperature for a minimum 
of time and were generally loaded in about '% hr 
and always in le than 45 min 

Electrolytic Extractions The cell consisted of an 
illoy bar specimen as the anode, and a tantalum 
heet cathode. An extraction run of 48 hr at 1.5 
amp usually resulted in sufficient residue for all 
test Current density was about 1 amp per sq in 
The residues were separated by centrifuging, and 


creened to 100 mesh 


Results 

Phase Identification Electrolytic Extraction and 
X-ray Diffraction: Ni,Al is an intermetallic com- 
pound which is fully ordered up to its decomposition 
temperature with a structure analogous to the Cu,Au 
type. The intensities to be expected from 
its X-ray pattern are shown in Table II 

Note that the relative intensities of the simple 
lattice reflections, (100), (110), (210), ete., 
are very low compared with those of the face- 
centered-cubie lattice (111), (200), (220), ete, re- 
Differentiation of a Ni,Al (y’) pattern from 
een to depend on 
Unfor- 
imple cubie 


relative 


flection 

olid 
the detection of the lower-intensity line 
tunately, the observed intensities of the 
lattice reflections, using CuKe radiation, were lower 
than those calculated above. Only the first four of 


olution pattern can be 
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these lines appeared, see Table II]. Chromium ra- 
diation increased the relative intensities of these 
four lines by a small factor, but they were still be- 
low those calculated. 

Further, the addition of titanium to Ni,Al de- 
creased the intensities of the simple cubic lattice 
lines until only the (100) and (110) lines appeared 
at the composition Ni, (Al,,, Ti,.), as determined 
from the synthetic standard, see Table HII. This 
Wi to be expected, for the scattering factor of 
titanium is higher than that of aluminum at all 
angles, and the intensities of these lines depend on 
the difference in atomic scattering factor between 
the atoms occupying the two sets of lattice points 
in the Ni,Al lattice 

Extracted residues were consistently high in ti- 
tanium, and the effect in reducing the intensities 
of the simple cubic lattice lines was marked. Only 
the (100) and (110) lines could be identified in 
Inconel X 550 and Inco 700, and none of the othe 
alloy residues showed reflections other than the 
(111), (200), ete., face-centered-cubic lines. These 
results, although consistent, make identification of 
Ni,Al from its X-ray pattern difficult in commercial 
alloy 

Inconel X 550: Inconel X 550 was the simplest of 
the four commercial alloys from a chemical stand- 
point. As judged from its composition, Table 1, 
Ni, (Al,., Ti.) was expected to be the composition 
of the aging precipitate. Titanium carbide, nitride, 
or carbonitride was expected, and although colum- 
bium carbide might have appeared, due to the pres- 
ence of almost 1 pet Cb, none was identified 

Extractions were made in 20 pet H,PO,, after ag- 
ing 50 and 250 hr at 1500°, or 24 hr at 1600°F. The 
only phase found by X-ray diffraction of the resi- 
(Al, Ti). Table II shows a typical 

copper radiation. No additional 


dues was Ni 
pattern, using 


Fig 2—Log stress 
log rupture life plot 
for Inco 700 at 
1500° and 1600°F 
as a function of 
solution and aging 
temperatures 


Fig. 3—Log stress 
log rupture time plot 
for Waspaloy at 
1500° and 1600°F 
for several heat 
treatments 


Fig. 4—Log stress 
log rupture time plot 
for M.252 at 1500° 
and 1600°F tor 
several heat treat- 
ments 
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lower angle lines could be discerned when chromium 
radiation was used 

Inco 700: X-ray analyses of Inco 700 residues 
were made on both HC] and H,PO, extractions, the 
H,PO, extractions resulting in a y’ pattern and HC] 
extractions producing only the y pattern. The Ni, 
(Al, Ti) (100) and (110) reflections appeared in 
the H,PO, extraction of a specimen aged at 1500°F 
for 50 hr when chromium radiation was used (lowe! 
background intensity) but not with copper radiation 

No unidentified lines appeared in the patterns 
from this alloy. Phases identified were Ni, (Al, Ti), 
matrix, and TiC. No M,C lines appeared in the res- 
idues, but this phase was prominent in microscopic 
observations, comprising about 70 pct of the car- 
bides, with Ti (C, N) accounting for the remainder 
Since chemical analysis of a residue reported mo- 
lybdenum at 2.1 pct, the pattern from M.C should 
have appeared 

Waspaloy: Electrolytically extracted residues (in 
H,PO,) were found to contain Ni, (Al, Ti), M,C, and 
TiC when analyzed by X-ray diffraction, whereas 
extraction with HCI] showed only matrix lines and 


Table |. Alloy Analyses and Data 


Composition, Wt Pet 


Incenel Ince 


Element X 550° 


72.39 4499 
15.15 15.05 
30.73 
$.22 
2.50 2.19 
1.17 4.02 
0 68 0.38 
0.70 005 
0.007 0.007 0 006 
0.33 019 049 
0.04 o13 009 
0015 
004 0 02 
097 
Sod 
fito7 fito7 
some 4to5 
5Sto6 


Grain size, ASTM 


1900°F ito 6 
solution some 2 
Reforge 2200 °F 


solution 


2 to 6, 
ome 1 


2to5 


* Received as %« in. forged bar stock, air melted at Huntington 
W. Va 
Received as “% in. forged bar stock, air melted at Huntington 

W. Va 

t Received as in 
Utica Drop Forge 

§ Received as ‘% in. forged bar stock, induction vy 
Utica Drop Forge 

2 Not analyzed 


forged bar stock, induction vacuum melted at 


acuum melted at 


carbides. Further, the M,C and TiC patterns were 
more complete in the H,PO, extraction 

A consistently better extraction of the aging phase 
and carbide has been possible with H,PO,, especially 
when the acid concentration is kept low. The lowest 
acid concentration able to dissolve away the matrix 
at a reasonable rate is apparently to be preferred 

M-252: No Ni, (Al, Ti) pattern appeared from the 
residues of M-252. This is the only alloy in which 
y could not be found by the methods used in thi 
work. Good identification of two carbides, M,C and 
TiC, was possible, and the other microconstituents 
found by Beattie and VerSnyder,”* M,C, and o, 
should not have appeared under the conditions of 
these tests and at the molybdenum content (10 pet) 
of this heat. In no case were either of the latter 
phases found 

Fluorescent Analysis and Chemical Analysis: Ta- 
bles IV and V summarize the results of fluorescent 
and chemical analyses for all the alloy 
ment between these two methods of analysis i 


(Good agree- 


seen 
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The difference between M-252 residues and the 
others is immediately evident. In M-252 the resi- 
dues were predominantly matrix phase enriched 
with titanium carbide. It is unlikely that Ni, (Al, 
Ti) was contained in any but small quantities in 
M-252 residues, although failure to extract it does 
not positively mean that it was not present in the 
alloy 

Parameter Measurements: Inconel X 550 meas- 
urements were made on the high angle (420) lines 
from solid specimens, powdered alloy, and extracted 
residues, and results for this alloy and the others 
are given in Table VI. The parameter for the y’ 
phase in Inconel X 550 was 3.589A, which is 0.OI17A 
or 0.5 pet larger than the matrix. This misfit dif- 
ference can be accounted for only by considering the 
effect of the larger titanium atoms in the inter- 
metallic structure. The matrix parameter of 3.572A 
was measured after solution treating at 2200°F, ob- 
taining filings, and vacuum annealing the filings at 
1900°F for 10 min 

With Inco 700, as with Inconel X 550, the lattice 
parameter measurements confirm the presence of 
Ni, (Al, Ti) at aging times from 50 to 250 hr. The 
misfit between y’ and y is +0.3 pet, in good agree- 
ment with presently accepted theories of precipita- 
tion-hardening. A matrix parameter measurement 
of between 3.571 and 3.572A was obtained from the 
annealed filings. The best measurement of the y’ 
phase was 3.583A 

Waspaloy lattice parameter measurements con- 
sistently followed the above pattern. A matrix lat- 
tice constant of between 3.578 and 3.579A was ob- 
tained both from filings and from an HC1 electro- 
lytic extraction residue. For yy the parameter was 
3.589A, a misfit of 40.28 pet 

M-252, due to its high molybdenum content, has 
This may be 


a larger lattice than the other alloys 
important in considering its electrolysis extraction 
On measuring the lattice parameters of 
M-252 specimens, there was no difference between 
extracted residues and the solid alloy matrix, sug- 
gesting that they were one and the same 


residues 


Stress Rupture Properties In an effort to deter- 
mine how large the differences in high temperature 
strength and ductility are among these alloys, par- 
ticularly in view of the differences in aging response 
between M-252 and the other three alloys, creep 
rupture tests were run at 1500° and 1600°F for the 


Table Il. Calculated Intensities for Ni,Al Lines 


169 1020 17400 
165 1650 250 
2075 16500 910 
2000 12000 26000 
5% : 1260 223 TH00 


* Structure factor 
Multiplicity 


several combinations of solution treatment and ag- 
ing treatment 

Inconel X 550: Fig. 1 shows the results of stress 
rupture testing at 1500°F. The strength values re- 
ulting from a 2200° solution treatment were higher 
than those from the 1900°F treatment, as can be 
een in Table VII, which summarizes the values of 
tress to produce rupture in specified time period; 

Ductility was significantly affected by the choice 
of the solution treatment temperature and aging 
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Waspa- 
loyt M-2528 
Ni 
Cr 
Co 
Mo 
Ti 
Al 
Fe 
Mn 
Si 
Cc 
N 
Cu 
Cb + Ta 
Me 
lto% 
hkl 
110 
111 
200 
210 


Fig. 5—Micrographs of Inconel 
X 550 after 2200°F solution 
treatment plus a) LEFT 
1200°F aging, and b) RIGHT 
1600°F aging HC! + CrO, 
electrolytic etch X1000 Re 
duced approximately 20 pct 
for reproduction 


Fig. 6—Micrographs of Inco 
700. a) LEFT: After 2200°F 
solution treatment. Pratt and 
Whitney etch. b) RIGHT: After 
1900° solution treatment plus 
1600°F aging HC! + CrO 
electrolytic etch X1000 Re 
duced approximately 20 pct 
for reproduction 


Fig. 7—Micrographs of Waspa 
loy. a) LEFT: After 1900° solu 
tion treatment plus 1600°F 
aging. b) RIGHT: After 2200° 
solution treatment plus 1600°F 
aging HCI + Cr.O, electro 
lytic etch. X1000. Reduced ap 
proximately 20 pct for repro 
duction 


Fig. 8—Micrographs of 
a) LEFT: After 2200° solution 
treatment plus 1600°F aging 
HCI + CrO. electrolytic etch 
X100. b) RIGHT: After 1900° 
solution treatment plus 1200°F 
aging Pratt and Whitney etch 
X1000. Reduced approximately 
20 pet for reproduction 


‘ 
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Table I1!. Comparison of Ni,Al and Ni, (Al, Ti) Patterns 


NLAIL, 
Standard 


Nic Al 
Standard 


d, Observed d, Observed 


1 600 
2.547 
2.074 
1 799 
1 6039 
1 461 


1 265 
1 O78 
1.032 
0 819 


0 873 
0.798 


medium, S, strong; and V 


Nic Al, TH, 
Ince 700 


Nit Ab, TH 
Inconel X 550 


Observed , Observed 


1 081 1079 
1 035 1035 


0 824 0 822 
0 
oO oO 


Table IV. Chemical 


Heat Mesh 


Treatment’ Size Blectrolyte 


Waspalo 
Inconel X SSO 


Inco 


* ASO olution treated 2000°F. air cooled med 1500°F 
B: solution treated 2200°F, air cooled, aged 1600°F, 24 hr 


ited 2000°F, oom 


Table V. Fluorescent Analyses of Extracted Residues in Wt Pct 


Heat Mesh 


Alley Treatment’ Size Blectrolyte 


ylution treated 2000° F 


low trace 

low trace 

low trace 
roedium 


medium trace 


treated 2200 


24 hi 


temperature, but the greater effect was due to the 
ee Table VII. In ad- 
either the 


decreased aging temperature, 
dition, test point scatter decreased a 
olution or aging temperature increased 

The severe embrittlement after 1200 F aging 1 
closely associated with the observed high hardne 
temperature This high hardne 
which 


failure in the 


values for thi 
probably results in a 
notch-sensitive as 
threaded portion of the test 
first intererystalline crack leads to early 
which does not occur in the 1600 F aged structure 
Inco 700: From a strength point of view, Inco 700 
responds to changes in both solution and aging tem- 


tructure everely 
evidenced by 
pecimen Thus, the 


failure, 


perature, the response being somewhat greater in 
1600 than in 1500 F test ee Fig. 2 and Table VII 
Of greater importance, however, is the considerably 
maller change in ductility at 1500 F due to a de 
crease in solution and aging temperatures, as com 
pared to the behavior of the lower alloyed Inconel X 
550. Tests at 1600 showed significantly higher duc 
tilities than at 1500 F, in common with M-252 and 
Wa paloy 

However, Inco 700 has lower ductility at 1500 F 
than either Waspaloy or M-252 
Waspaloy and M-252 alloys were vacuum melted 


Since both the 
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and the Inco alloy was air melted, the lower due 
tility of Inco 700 is not surprising 

Waspaloy: Stre rupture data on Waspaloy pro 
vided an excellent contrast with Inco 700. A com 
plete series of heat treatments was tested at 1500 °F 
ee Fig. 3 and Table VIL Almost all of the 1500 Ff 
test points could be fitted by a single curve with little 
of heat treatment. Thus, Waspa 
loy of the composition tested does not show sensitive 
of heat treatments used for the 


catter repardle 


response to the type 
1500 F test 

The ductility behavior is different from that ob 
erved for either Inconel X 550 or Inco 700 in that 
the lower solution treatment resulted in somewhat 
higher ductility values at both 1500° and 1600 °F 
However, the higher aging temperature resulted in 
omewhat better ductility than the 1200 fF 
in line with normal behavior 

Stre rupture tests at 1600° did not indicate much 
difference in response to heat treatment than at 
1500 F. Test point 
heat treatment combinations tested, but the 
plus 1600 F heat treatment wa 
ee Fig. 3 

M-252: A 


aping 


catter was the same for both 
2200 


omewhat stronper, 


with Inco 700 and Waspaloy, testing 


at 1600° resulted in a more pronounced difference 
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100 W $600 Vw 1.608 vw 
110 2543 2.547 vw 2542 vw 
111 2.074 2074 VS 2074 Vs 
200 Ms 1.799 Ss 1.793 1791 Ss 
210 W 
211 Vw 
220 M 1 261 M 1 267 MS 1.265 MS 
122 w 1037 
222 W 1.037 MW Ww 
$20 
MS 0 824 M M 
420 MS 0 803 M M 
Observed 3.561 1586 {San 
W stands for weak; M, very 
EE Analyses of Extracted Residues in Wt Pct 
Alley Ni Cr Al ‘ Mo fe 
M-252 100 17.6 129 761 251 006 
$25 4446 15.8 6.75 0 87 147 
A250 100 45 iz0 $17 75 
A5O “90 256 125 OR 
ASO HPO, 428 268 9% 
A5O 100 $18 65 705 O45 21 205 
Ni Cb Ta Mo Ceo fe 
M-252 A50 100 HPO, high 6 12.5 low 
Waspalos low 18 low 
ASO 100 HPO, low low 
Inconel X 550 ASO 100 HPO high ; 125 low trace trace 
Inco 700 100 HPO, high trace 
‘ASO: cooled, aged 1500°F, 50 hr; and B solution cooled, aged 


in stre rupture strength with heat treatment than 
at 1500 F. In M-252, as in Waspaloy, there was al- 
most no difference between the two heat treatment 
tested at 1500 F. The upper pair of curve 
hiv. 4 are drawn separated for convenience only 
At 1600 F the combination of a higher solution plu 
lightly 


hown in 


aging temperature resulted in a tronge! 


alloy 

The ductility of M-252, a 
elongation and reduction in area, Table VII, is the 
highest of the four alloy Localized necking and a 
toward transerystalline fracture appeared 
However 


hown by percentage of 


tendency 
at 1500°F, especially at higher stresse 
in no case did miscroscopic examination of a frac- 
tured section show transerystalline fracture 
Metallography —Inconel X 550: In the a 
matrix was uniformly fine-grained 


received 


condition, the 


Table Vi Lattice Parameter Measurements* 


Heat 
Matrix Kesiduc Treat 
Vet ‘ ‘ ment) lyte 


precipitate and 
After reforg 
heavy grain growth oc 


with a globular, fine grain boundary 
au few irregular, fairly large carbide 
olution treating 


a duplex grain size resulted 


ings and 
eurred at 2200° and 
from the 1900 F solution treatment 

The photomicrographs at X1LOO0O, Fig » to 7 
were made with oblique illumination and show a 
roughened matrix for all heat treated condition 
used. If precipitate particles alone are directly re 
ponsible for thi 
net result in retention of the aluminum and titanium 


rouvhne then air-cooling did 


in solution. On the other hand, the roughmne may 
be partially due to an etching effect. A comparison 


with existing electronmicrographs does not substan 
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Fig. 9—Micrographs of car- 
bides in M-252. a) LEFT: After 
2200°F solution treatment. b) 
RIGHT: After 2200° solution 
treatment plus 1600°F aging 
Unetched. X1500. Reduced ap 
proximately 20 pct for repro 
duction 


tiate the hypothesis that the roughening noted in 
Figs. 5 to 7 is directly due to precipitate particles 
Rather, the volume occupied by a precipitate such 
as Ni, (Al, Ti) could not account for the apparent 
volume in either electronmicrographs or light mi- 
crographs by a significant fraction, even if the entire 
theoretical amount of Ni, (Al, Ti) were to form 
Aging at 1200° following the 2200° or 1900°F 
olution treatment resulted in continuous networks 
of depleted matrix at the grain boundarie Fig 
5a illustrates this type of network, which greatly 
decreased the alloy’s ductility in stress rupture 
Stain etching was resorted to in an attempt to 
identify carbides optically successful stain 
etchant used before in this laboratory was a mixture 
of NHOH and H.O.. Specimens immersed in thi 
etchant for approximately 1 hr developed a strong 
blue stain on M,C, and the other carbides were not 
affected. This procedure was used on specimens of 
all four alloys. Table VIII lists the results. As was 
expected, none of the carbides in Inconel X 550 were 
no molybdenum or tungsten 


tained, since there 


in this alloy 

Inco 700: The as-received Inco 700 stock had a 
uniformly fine-grained matrix, a fine grain bound- 
abundant carbides of 
regular polyhedral After reforging, the 
vrain size was not as uniform, and the carbides were 
Further, the effect of heat treat- 
Grain 
olution 


ary precipitate, and fairly 
hape 


more globular 
ment on the reforged bars wa ignificant 
vrowth occurred at 2200°, but the 1900 F 
treatment resulted in fine, equiaxed grains very 
imilar to the as-received condition 

Carbides were fairly abundant for the 1900 F 
treatment, being small and uniformly cattered 
through the matrix, visible at X1000, see Fig. 6. A 
occurred when 


partial resolution of the fine carbide 


olution treated at 2200°F, and only larger carbide 
particles could be seen. This partial resolution effect 
was observed in M-252 and the other alloys 

Aging at 1200° resulted in a fine grain boundary 
precipitate after solution treatment at 2200°F, but 
eems to have taken place at the grain 
olution treatment at 1900 F and 


no change 
boundaries after 
aving 

Aging at 1600 F after either solution temperature 
caused a fine, globular grain boundary precipitate 
to form, and the matrix to be more readily attacked, 
resulting in roughness very apparent at X1500. No 
matrix precipitate could be seen at this magnifica- 
tion, however 

Microscopic examination of a stain-etched speci- 
men which had been solution treated at 1900° and 
aged at 1600°F showed that approximately 70 pct 
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gS a | 
om 
| 
1252 N ‘ i Hel 
i HPO, 
ASO HPO, 
A250 HPO. 


Table VII. Stress for Selected Rupture Times and Ductility Values at 1500° and 1600°F 


Approximate 

Kupture Life Ductility 

Heat Treatment, °F Stress for Rupture in N Hr, Pst 
Keduction in Elongation 


Solution Aging foe Area, Pet Pet 


At 1500°F 
mel X 550 1600 52.000 43.000 11.000 20,000 
1200 000 44.000 11.500 
1600 45.000 18.000 24.000 15.000 
1200 45.000 j 

Inco FOO 2: 1600 80,000 000 ) 11.500 
1200 64.000 46.000 25.000 
Waspalo 22 1600 71.000 000 28.000 

1200 70,000 000 

85.000 49.000 17.000 

1200 77.000 4.000 000 

1600 78.000 000 4.500 

1900 1200 75.000 51.000 8.000 

At 

Inco 700 2200 1600 14000 9.000 27.000 18.000 
1900 1200 42.000 28.000 18.000 12.000 
Waspaloy 2200 1600 49.000 16.000 26.000 19.500 
1900 1200 10.000 15,000 24,000 17.000 
M -252 2200 1600 1000 6.000 24.000 16.500 
1900 1200 41.000 10.000 21.500 15.000 


of the larger carbides were M,C, and 30 pet were Ti seen in the aged alloy, and the roughening of the 
(C, N). It is evident that electrolytic extraction matrix could not be resolved with a lght micro- 
procedures on this alloy dissolved much of the M,C scope, see Fig. 8 

present, since not enough remained in the residue: Carbides identified by stain etching were TiC and 
to appear in X-ray diffraction patterns. M,C, each composing about one half of the total car- 
When received, the Waspaloy bar stock bide, see Table VILL. Fig. 9 is a micrograph of the 
two forms of carbide precipitate at the grain bound 
aries resulting from solution treating at 2200° and 
aging at 1600 F 


Waspaloy 
was already forged to size. It had a uniform, fine 
grained microstructure with medium-sized carbide 
particles and some clusters of very fine carbides 

When solution treated at either temperature the 
matrix recrystallized, but grain growth was not ex- Discussion and Summary 
cessive. The carbide particles were fine and well 
dispersed, and there was no longer any clustering, 
ee Fig. 7 

The grain boundaries of the solution treated speci- 


There is ample evidence that Ni, (Al, Ti) or y' 1 
the aging precipitate in Inconel X 550, Inco 700, and 
Waspaloy, as it was also shown to be in the more 
simple Ni-Cr-Ti-Al alloys’ free of molybdenum, 


mens were clear and sharp at X1500, and aging at columbium, and cobalt, and essentially free of cat 
1200° after a 2200 F solution treatment did not re- bon, after aging from about 1200° to 1600°F for 
The 2200 approximately 24 to 250 hr. The evidence for y’ in 


ult in evident precipitation in the grains 
utilizing all the same tools and 


solution plus 1600 F aging treatment, however, pre- M-252 is negative, 
cipitated an almost continuous carbide network at procedures which detected it in the other alloy 
grain boundaries and on twinning plane There M-252 is different from the other alloys in that 
was a smaller amount of discontinuous carbide pre- it has a matrix parameter larger than that of »’, the 
cipitate at the grain boundaries after a 1900” solu- larger size being associated with the high (almost 
tion plus 1200 F aging treatment 10 pet) molybdenum content of M-252 

When stain etched for carbide identification, three Based on parameter measurements of the matrix 
types of carbides could be distinguished. A gray, and the Ni, (Al, Ti) precipitates extracted from 
globular carbide was identified as TiC, comprising aged alloys, there is no reason to expect significant 
about 20 pet of the carbide phase. M,C, stained deep differences during aging in Inconel X 550, Inco 700, 
blue, was almost 60 pct, and a small amount of and Waspaloy. It is likely that coherency strains 
angular pink Ti (C, N) was the remainder, These may be significant at lower temperatures and for 
identifications were made on a specimen after a hort aging periods, but growth of the precipitate is 
2200° plus 1600°F heat treatment fairly rapid 

M-252: When the as-received M-252 bar stock From the variou 
was examined, it showed the characteristic micro- made, it appears that air cooling of sections less than 
structure of this alloy. The carbides were segregat- about ‘% in. in diam fails to maintain all the alumi- 
ed as bands and clusters, and the irregularity of num and titanium in solution except possibly in In- 
carbide distribution was severe over the cross sec- conel X 550 cooled from about 1900° but not from 
% in. diam bar. The matrix grain 2200 F. It is likely that more severe quenches also 
fail to keep these clements in solution in Waspaloy 


measurements which have been 


tional area of a % 
size was duplex, medium and fine, with no grain 
boundary precipitate visible at X1500. Reforging and Inco 700 

this stock did not significantly alter its microstruc- The severe hardening and embrittlement of In- 


ture conel X 550 after the 1900 olution plus 1200°F 


After solution treatment and aging, there was a aging and the relatively small aging response in 
grain boundary precipitate of what appears to be Inco 700 and Waspaloy support these observations 
very fine carbides. Comparison of the 2200” solution The more highly alloyed Inco 700 and Waspaloy, 
treated and the 2200° solution treated plus 1600 F which undergo some precipitation of » on cooling 
aged structures showed this precipitate to occur from the solution temperature, probably avoid em- 
only on aging. Grain growth at 2200 F was severe, brittlement because they are somewhat overaped 
although it appeared to be inhibited by the cluster prior to the actual aging treatment. Similar over- 
of carbides. Again, no matrix precipitate could be aging of Inconel X 550 by either the 2200° (v: 
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Alloy 

‘ 

2 

‘ 

12 

22 

22 

1S 

2! 

18 12 

24 

25 

a4 


1900 F I wh results in slower cooling 
through 
16007, also avoids this en 


1500 F and with 


deliberate overaging 
brittlement without lo 


mificant improve 


hand, did not how 


the other l 
precipitation, although absolute proof of 


any 


Table VIL Relative Volume Percentage of Carbides, Stain Etched 
for Identitficatron 


Inconel 
Waspaley 


ubsence cannot be claimed. In spite 

00 F creep-rupture properti f M 

than those of Inconel X 550 and are mnilé 
those of Waspalo for the ame heat treatment 
both alle 
olution and aging for test purpose at 1500 and 
1H00 
er 


howing a relatively poor response to 


idence of carbide precipitation wa 
noted instead 3 252, and this may be adequate 
to necount for rupture properts in an other 
olution strengthened allo In fact, itt 
vondered whether M-252, Waspaloy, and Inco 700 


do not all benefit to an important extent from the 


precipitation reaction each of these com 
positions having Inconel X 550 
on the other hand, has the lowest carbon content 


carbide 


appreciable carbon 


and is free of the M.C carbide. It is obvious that the 
results presented point to the desirability of a sep- 
arate study of the role of carbon in M-252, Inco 700, 
and Waspaloy. These results do not minimize the 
importance of the y’ precipitation, but they do indi- 
cate that carbide strengthening has a greater im- 
portance than has hitherto been anticipated 
Unfortunately, the extraction tech- 
fairly imperfect, both in regard to the 
phase in certain reagents and to the inability to re- 
tain all the M.C in Inco 700 in other reagents. Where 
Ni, (Al, Ti) has been extracted, the check between 
everal methods of identification has been very 


electrolytic 


nique } 


valuable 
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Technical Note 


X-Ray Diffraction Study of the Sigma Phase in the Systems 
Re-Cr, Ru-Cr, and Os-Cr 


by R M. Waterstrat and J 


ys VIEW the reeent finding of a pronounced 
ordering of atoms in «» phase alloys containing 


element of the first long row of the pe riodic table 


(and including molybdenum), it is of interest to 
resolve the question of ordering for o@ pha ‘ con 
tuning second and third-row elements. Examples of 
the latter have been provided recently by Green 
field and Beck and two of them, Re-Cr and Ru-C1 
would appear to be favorable for a f ordet 
in by X-ray diffraction method 

considerable ditlerence thie catter 


found 


concerned. In addition, « 

thre tem, where the difference cattering 
factor Accordingly X-ray powder! 
ntensith hive ittempt to 


learn vw nature of the orderings if any, in these 


even larget 


been measured wu 


three o alloy Since there is no reported work on 


R M WATERSTRAT and J S KASPER are associated with the 
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S. Kasper 


intermediate phases in the Os-Cr system, an ex- 
ploratory investigation was made in this system, and 
it was found that, in addition to the o phase, the 
phase with the A-15 or B-W structure also occur 
Specimen Preparation The alloy 
ing mixed powders of —200 mesh size 


were prepared 
by compre 
and sintering in an atmosphere of pure dry hydro- 
ven, All alloy 
ing temperature to room temperature in a stream of 
cold dry hydrogen in a water-cooled chamber. Table 
I lists the source tarting mate 
well as the details of processing for each of 


were rapidly cooled from the anneal- 


and purities of the 
rials, a 


the alloys investigated 


Intermediate Phases in the Os-Cr System — In the 
absence of information on intermediate phases in 
the Os-Cr system, it wa uspecied that this 
tem would resemble that of Ru-Cr, where a o 
phase, RuCr,,’ and a phase with the A-15 structure, 
RuCr,, have been identified. Both these phases 
were found in the Os-Cr system and at composition 
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Of strength at 
ment in duetilit 
M-252, o1 
dence of 
nd Ro W. Floyd: of Nickel-Rict 
‘ f the Nicke Che bur Titanium S ter Jour Institute 
{ Met 951-1952 0, p 577 
\ I nd R. W. Flevd: The Constitution of Nickel-Hict 
thre Nicke Tit u aul i ter ary Ir titute 
f let 952-1953 si. 2o 
\ I nd R. W. Floyd The Constitution of Nickel-Rict 
\ f the Nicke Chror i Alu nul S ter j Institute 
of let 952-1953 o t!. p. 451 
! N thei ind N. J. Grant Aging Characteristic { Nicke 
Allo Hardened with Titaniu und Aluminu 
200, pp. 211-21 or Merat Februa 
954 
i J HPenttic nd F I VerSny det Microconstituent in High 
Femperature Alle 7 1953 ‘ 48. 5 $97 
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Geisler: Precipitation from Solid Solutions of Metals. Jones 
: Wiley & Sons. New York, 1951 
of paper sent (2 copie to AIME by Sept. 1, 1957 
“ n AIME 7 ’ Vol. 202, 1954, and in or 
1954 


Table |. Materials Used and Method of Preparation 


Composition 
Temperature Intended Chemical Keported by 
Alley Phases and Time of Composition Analysis, Greentield 
System Present Sintering Atomic Pet Atomic Pet and Beck Materials Used Purity, Pet 


ReCr 1600 7 pet Cr {7.5 pe ror il powder » Metallurgical Ce 
1200°C, Niagara Falis, N.Y 

RuCr 1600 66 pet Cr Ruthentt ‘ mad Co Ine 
1200°¢ ther a N. J 

gh 63 pet Cr 5.6 mx Rhenium ‘ Matthey No 
1200 rell-Ash Co, 
1200°C, Sh 74 pet Cr 


1600 °¢ 69 pe 
1200°¢ the 


Table Il. Os-Cr Alloy, Cr.Os 4 Cr, A-15 Type Structure, Ordered, that there is an A-15 phase of approximate formula 
a 4.677A OsCr,. This phase is apparently stable at 1200°C, 
while RuCr, occurs only below 900°C * 
Observed, It is noteworthy that the o phases of the two 
lea neighboring elements, Osmium and rhenium, differ 
oO markedly in their chromium contents, the re 
to 4 pective formulas being OsCr, and Re.C1 
X-Ray Intensities of the Phases —Portions of the 
X-ray patterns for the three phases, RuCr,, OsCr,, 
1.483 and ReCr, are given in Table IIL, including the in 
—_ terplanar spacings of OsCr, The patterns were 
obtained from powdered specimens in a cylindrical 
1191 ) ; camera of 5 em radius. Intensities were estimated 
— by visual comparison with a standard intensity 
cale on film. No absorption corrections were ap 
plied. The calculated intensities of Table IIL were 


made with the atomic parameters of o Co-Cr a 


Table II. Comparison of Intensities 
given in ref, 1 


The salient feature of the intensity information 1 
that in all three cases there is litthe deviation of 
a observed intensities from those to be expected for 
d Values Intensities = a random distribution of the component atom 

While the intensity comparisons in Table IIL may 
not be extremely good, the main point is that there 
Is no positive indication of highly-ordered atomu 
distribution Various ordered models were con 
idered and found to give significantly larger in 
tensity disagreements than the disordered model 
particularly in calling for measurable intensitie 

where none could be detected. The data are not 
accurate enough to decide whether there may be 
light preferences of the respective atoms for dif 
ferent atomic sites, but they suffice to demonstrate 
that in these three cases a parallel to the ordering 
effects found in «» phases containing only first-row 
elements does not exist. Thus, since ruthenium ando 


Observed Intensities 


mium occur in the same group as iron, they might 
be expected to occupy preferentially the site of 
lowest coordination (coordination number 12) a 
does iron in o FeCr, especially since the composi 
tions of RuCr, and OsCr, are compatible with such 


that were approximately those in the Ru-Cr system a distribution. This kind of ordering would not pro 
(Their X-ray diffraction patterns are given in duce a satisfactory intensity agreement 

Tables I] and III.) The composition of the pure o It would seem necessat to do single crystal 
phase specimen corresponds quite well to the form tudies to ascertain fully the nature and degree of 
ula OsCr,. The alloy with the A-15 structure con ordering in these three o phase 

tained some chromium and was not analyzed. It wa 
presumed that its formula was OsCr,, since the A-15 
phases generally occur at the stoichiometric compo 
ition, A,B. The intensity agreement for this phase 
assumed to be OsCr, and ordered, is not very good 


References 


Vi Wate 


even allowing for absorption effects. Further work 
would be necessary to ascertain the exact composi 


tion and degree of ordering, but there is no doubt 
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( oO j ‘ ie es Hardy mo 
OsCr Po tcCr Not analyzed New York 
A-15 
* This alloy was found to have melted during the course of its preparation 
hkl 
110 
200 
101 
210 
111 
220 
211 
221 
$20 
$11 
121 
112 
410 
202 
212 
420 
411 4 
222 1 899 7 4% 9 4 
* Contains Ru (002 
Hau i W 1 Die Lew le cy t Piatin 
Iridiun Rhodiur ind Kutheniun fur Metallikundse 1955 
+ 210 
de Métaliurgie, 1955 2, p 429 


Diffusion in Gold and Au-Ag Alloys 


The self-diffusion coefficients of gold in pure gold and alloys of gold and silver have 
been measured over a range of temperatures. Chemical interdiffusion coefficients have 
been measured on pure metal and incremental couples, but are of lower accuracy because 
of the development of porosity. The results are compared with earlier work and internally 


on the basis of Darken’s equations. 


by H. W. Mead and C. E. Birchenall 


— DIFFUSION in pure gold has been studied 
by Sagrubsky, McKay, Gatos and coworke1 

and Okkerse Sugrubsky used a 
nique but reported results far lower than any of the 
and it 


ectioning tech- 


others. The work seems to be carefully done, 
appears that a factor of 60 must have been omitted 

tuted by an 
urface activity 


calculations or the units mi 
McKay used a 

method, and Gatos and Kurtz, following Gatos and 
Azzam 


ment of activity on an oblique 


im 
equivalent amount 
upplhed autoradiography to the measure 
ection through the 
diffusion zone. These two investigations agree wel 
with each other but give results below those re 
ported here, Okkerse employed a very careful sec- 
toning technique 

Chemical interdiffusion in Au-Ag alloys has been 
measured under several concentration condition 
Average values of the diffusion coefficient for the 
range of 0 to 18 atomic pet Au were obtained by 
Sinee the diffusion coefficient probably 
varies markedly over thi the values may not 
be too useful, Also, a plot of these data suggests that 


rain boundary contributions may have been ap 


rane, 


preciable at the lowest temperature employed. Ebert 
values for 0 to 9 
and Johnson” report 


and Trommsdorft pive 
atomic pet Ag, 
for 45 to 55 atomic pet Au. Johnson also measured 
ilver and wold self-diffusion coefficients in 49.2 
atomic pet Au alloy and self-diffusion in pure il 
vel The elf-diffusion of gold in) pure ilver ha 
been determined by Jaumot and Sawatsky Othe: 
which do not cover a range of tem 


average value 


measurement 
perature or are of low precision are not mentioned 
im thi 
avatlable 

This contribution reports diffusion coefficients for 
elf-ditfusion in gold elf-diffusion of gold in 


account since a review by Kubaschewski 1 


H W. MEAD. Member AIME, is Technical Officer, Metals Divi 
sion, Imperial Chemical Industries Ltd, Birmingham, England, and 
CE. BIRCHENALL, Member AIME, ts Associate Professor of Chem 
istry, Princeton University, Princeton, N J 

TP 4454E Manuscript, July 12, 1956 New Orleans Meeting, 
February 1957 


874-JOURNAL OF METALS, JULY 1957 


Au-Ag alloys, and chemical diffusion in Au-Ag 
alloy Although it had been intended to obtain 
ilver self-diffusion data in the alloys it now appears 
unlikely that these measurements can be done 
oon, so a table has been worked out for a self- 
consistent scheme of diffusion coefficients which 
hould not be too far from the true values 


Experimental Details 

Experiments on pure metals were conducted using 
fine gold of 99.99} pet Au and silver of the same 
Alloys were prepared by melting the two 
metals together in a graphite crucible in vacuo and 
allowing the slug to solidify in the crucible. After 
machining to a cylinder about 0.85 in. diam each 
lug formed one half of a diffusion couple. Composi- 
tions were determined later by analyzing chips 
taken from the extremities of the diffusion zone 
The gold used in the preparation of alloys was 
ometimes pure gold but was normally either in 
the form of clean pickled alloy from previous ex- 
periments or gold recovered by oxalic acid precipi- 
tation from warm aqueous solution. Chips from the 
various stages of experimentation were dissolved in 
aqua regia and the solution taken to low bulk, 
diluted with water, and again taken to low bulk be- 
fore diluting for the precipitation. This precipitated 
vold contained a small amount of silver as the only 
impurity detectable by analysis 
Disks for use in diffusion couples had opposite plane 
faces abraded on emery paper as far as zero grit, 
were annealed for 12 hr at 900 C in argon, and had 
one face of each disk polished to 000 emery pape! 

Radioactive gold was plated at about 2 ma per sq 
olution con- 


purity 


spectrographic 


em from a 
taining | mg of inactive gold as a carrier. Specimens 
were freshly abraded on 4/0 emery paper immedi- 
ately prior to plating 

In the case of the active couples disks of a simi- 
larly prepared but unplated alloy or pure metal 
were placed on top and welded to the active disk 
With the concentration couples disks of different 
performed 


mall volume of cyanide 


compositions were welded. Welding wa 
after a pressure of 5,000 Ib had been applied at 
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room temperature to set the couple in an apparatus 
and manner similar to that used by daSilva and 
Mehl.” Three strips of tantalum foil 0.002 in. thick 
were placed on the flat surface of one disk near the 
rim and these served to locate the weld interface 
after diffusion 

After rapid heating a time of % hr at 850°C was 
allowed for welding. A dummy run using a hollow 


specimen containing a thermocouple enabled the 


pecimen temperature to be related to that of the 
control couple. Corrections were later applied to the 
time of the diffusion anneal to allow for diffusion 
during welding, it being assumed that diffusion com- 
menced upon the application of pressure. The largest 


Table |. Diffusion Coefficients for Gold Self-Diffusion in 
Au-Ag Alloys 


Diffusion 
Temper- 
Alley ature, °C Seex lo 


Diffusion Time, 
Cm per See 


99 99 pet Au 2.538 97x10 
$837 1 56x10 

2 566 2 87x10 

19 62 27x10 

75 atomic pet Au* 2 409 4 25x10 
0.9306 1 26x10 

1 10x10 

9 28x10 

2 62x10 

2 06x10 


25 atomic pet Au 


99 99 pet Ag 


* Couples analyzed at average of 8294 wt pet Au 
Couples analyzed at average of 356.086 wt pet Au 


correction applied was one of 3 pet. Many were neg 
ligible 

Diffusion anneals were performed with one to four 
pecimens placed inside a graphite crucible. One end 
of the crucible contained a well into which a the 
mocouple protection tube reached after passing 
through a Wilson seal on the end of the furnace 
tube. At the beginning of a diffusion run this tube 
was used to push the crucible from a cool part of 
the furnace to the hot zone in as short a time as wa 


Fig. | —Distribution 
of activity in four 
typical diffusion 
couples after anneal 
ing. Cross represents 
the distance from 
the weld in inches 
x 10; circle, pure 
gold annealed 2 538 
x 10 sec at 992°C; 
triangle, 75 pct Au 
annealed 3.837 x 10 
sec at 905°C; di 
amond, 25 pct Au 
annealed 1.962 «x 10 
sec at 717°C; and 
square, pure silver 
annealed 3.837 x 10 
sec at 905°C. Flags 
distinguish points 
taken from different 
sides of welds 


Upper scate 1/0 


Reiotive counts per minute 
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? per second 


Fig. 2—Collected re 
sults of measure 
ments of self diffu 
sion in pure gold 


Sagrubshy 
(x60) 


fiqvent 


Present 


Dif fusion 


Gatos and Kurtz © 


Mc Kay 4 


9 
i/T= 10° 


possible without danger of cracking the furnace 
tube. Before commencing the run the furnace was 
evacuated and flushed three times with argon, the 
last charge being allowed to remain in during the 
anneal at a slight positive pressure. Temperatures 
were taken during the heating period at least daily 
and more frequently during the case of short runs 
by means of a Pt--Pt-10 pet Rh thermocouple stand 
ardized at frequent intervals against a= similar 
couple calibrated at the National Bureau of Stand 
ards. Diffusion temperatures were maintained to 
+2 C. At the end of an anneal the Wilson seal wa 
broken and the crucible drawn out of the furnace 
and allowed to cool in au 

Before aligning the specimen for machining the 
circumference was skimmed to a sufficient depth to 
expose the tantalum foils previously placed in the 
weld. These were observed at X40 through a micro 
cope rigidly attached to the toolpost of the lathe 
after the alignment of the specimen was adjusted 
until, on rotating the lathe chuck, the center line of 
all three foils coincided with a hair line. After re- 
ducing the specimen diameter to 0.65 in. and re- 
moving sufficient material, 32 cuts of 0.002 in. o1 
0.003 in. thickness normal to the axis were taken 
for the determination of activity or chemical com 
position. Thickness of cuts was checked frequently 
by means of a depth micrometer 

Activity was determined by Geiger counting and, 
aus the chips were too irregular to be counted 
directly, they were melted and rolled to foil, A 
circle 0.25 diam was punched from cach foil, 
weighed, and cemented to an ashing dish suitable for 
insertion into an automatic sample changer. The 
weight of each foil was used in correcting for 
absorption of radiations within the sample. The cor- 
determined empirically. Composition 
tandard pvold assay methods 


rection wa 
wus determined by 
carefully adapted to small sample 


Results 


The raw counting data were corrected for back 
ground, coincidence, and absorption losses, and for 
decay, using a half-life period of 2.69 days. Under 
the present experimental conditions, when activity 
is plotted against the square of the distance from the 
weld, a straight line should result if the distribution 
of the activity is governed by volume diffusion. That 
this was so may be seen from Fig. 1, which illu 
trates four typical activity-penetration curves. The 


JULY 1957, JOURNAL OF METALS—875 


800 900 1000% ¢ 
7 
/ 
4 
j/ 
| 
| 
5| 
i 
44x10 
910 0 9306 BOx10 
905 $ 837 7 95x10 
#97 6 992 753x10 
#10 16 155«10 
BOD 2 566 58x10 
717 ig #2 2 27x10 
656 2474 > 71x10 
905 $ 837 9 57x10 
497 992 #51x10 
#10 156 1 96x10 
ig #2 20x10 
656 2474 4 08x10 


650 700 750 800 850 900950 1000 


| 
10" Temperature in degrees centigrade 


second 


coef ficient 


Diffusion 


~ 
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Fig Diffusion measurements im Au Ag alloys Open 
square represents self diffusion of gold in pure gold, dia 
mond, self diffusion of gold im 75 pet Au, open circle, 
self diffusion of gold in 99.99) pet Ag, closed circle, self 
diffusion of gold im 25 pet Au, circle with horizontal lines, 
self diffusion of gold in 492 pet Au’ (the last two sets of 
data detine the same line), triangle, self-diffusion of silver 
in pure silver, inverted triangle, self-diffusion of silver in 
492 pct Au, closed square, chemical interdittusion in 45 to 
55 pet Au, and circle with vertical lines, chemical inter 
diffusion in 100 to 91.2 pet Au 


method of calculating diffusion coefficient from 
been deseribed fully and need not 
Diffusion coefficient 
penetration curve of the 


these curve has 
be repeated here were derived 
from the 


chemical diffusion couples by the method of Matano 


incremental 


The accuracy with which D can be determined 
from the curve depends upon the product Dt. For 
most experiments this was 10 qem or greater 
but for experiments at the lower temperatures on 
pure silver and the silver-rich alloy maller value 
were obtained. Inaccuraci due to temperature 
measurement might amount to 5 pet, and time 
hold be Le than 1 pet. In the case of alloys the 

ibility of variations in compositions ts added 

age composition of the alloy couples varied by 
about | pet from the mean, which could introduce 
an error into each determination of D of up to 
about 3 pet, depending upon temperature 

It appears then that errors in D of up to about 10 
pet may be accounted for with rather larger erro! 
to be expected for the low temperature runs. The 
departures from the mean found for specimens an 
nealed at nearly the same temperature range up to 
17 pet at the lower temperature 

rhe results contained in Table I have been plotted 
in bay % and 3 and straight lines have been drawn 
to represent the relationship between log D and 1/7 


The equations of these lines were determined by 
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the method of least 
luted to the equation 


quares and the constants re- 


where Q is the activation energy, D, the frequency 
factor, R the gas constant, and T the absolute tem- 
perature 

Values found for D, and Q are presented in Table 
I]. Standard errors in Q are near a mean of *1.6 
Evidently the extra error in indi- 
produced by compositional variations In 


keal per mole 
vidual D 
the alloys was compensated for by the greater num- 
ber of tests run. Errors produced in D, by this varia- 
tion in Q may alter its value by as much as a factor 
of two greater or smallet 

Fig. 2 is a plot of the logarithm of the diffusion 
coefficient vs the reciprocal of the absolute tempera- 


Table I. Diffusion Constants for Gold Self Diffusion in 
Ag Alloys 


Keal 
per Mole 


Din Sq 
Alley Cm per see 


ture for the published data on gold self-diffusion 
Sagrubsky’s results have been multiplied by a factor 
of 60. which brings them into the range of the othe: 
measurements. The present results show nearly the 
ame slope as the Gatos and Kurtz line It is not 
clear whether a constant error could have been in- 
troduced into their values by the use of the Steig- 
man, Shockley, and Nix 
activity, which neglects the fact that some ol the 
urface 


approximation for surface 
radiation dos not emerge normal to the 
When Geiger counting with an absorbing window 
ubtended angle is used this factor | 
hould use oblique 


and small 
negligible, but autoradiography 
rays very efficiently 

Present diffusion coefficients agree best with the 
careful measurements of Okkerse, but his activation 
energy is appreciably lower. The reason fo! thi 


difference in temperature dependence is not known 


Orstance in inches 
fav 
Fig. 4—Penetration curve for specimen D.3 for chemical 
interdiffusion of silver and a Ag-93.8 atomic pct Au alloy 
at 925°C 
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The only other type of measurement to compare 
with the results cited above are the studies on the 
quenching in and annealing out of vacancies in gold 
wires which Kauffman and Koehler’ followed by 

They initially deduced 
an activation energy for self-diffusion in gold of 
45.2 *1.4 kcal per g atom. This is considerably above 
Okkerse’s 39.4 
ment with the present value of 45.3 keal per g atom 
A new measurement 
vacancies by an improved 
yields a lower value and brings the improved result 
into agreement with Okkerse 

Fig. 3 is a similar plot for the chemical diffusion 
data, for self-diffusion of gold and silver in the 
Au-Ag alloys and in the pure metals. Values read 
from this figure at 894°C are used in Fig. 4, where 
the diffusion coefficients are plotted against con 
centration. It should be noted that the new data for 
gold self-diffusion in the alloys fit smoothly with 
Johnson's point at 49.2 atomic pet Au, and that the 
values of 0.41 and 46.4 for D, and Q agree well with 
those of 0.26 and 45.5 obtained by Jaumot and 
Sawatzky. Their new results” are indistinguishabl 
from the lowest line in Fig. 3. The chemical diffusion 
data include an average value by Ebert and Tromm 
dorf for 91.2 to 100 pet Au and new results giving 
diffusion coefficients as a function of concentration 


electrical resistance change 


+0.3, but it is in reasonable agree 


of the energy of formation of 


quenching procedure 


Self-Consistent Set of Diffusion Coefficients for Au Ag 
Alloys at 894°C 


Table 


Dx iw 


35 to 60 and 0 to 100 pet Au. The last 
couple developed extensive porosity near the weld 


for the range 


interface, which caused irregular machining in thi 
Uncertainty in the distance measurement 
so the two parts of the curve were 
probability plot. A 
ample penetration curve for specimen D-3 inter- 
diffused at 925 C” is shown in Fig. 4. The nature of 
the curve fitting and the precision of the chemical 
analyses may be judged from this plot. The difficul- 
tie associated with the porou region should ac 
count for the fact that the mid-range results lie 
below the values obtained on incre 


repion 
wus introduced, 


extrapolated together on a 


considerably 
mental couple 
data of Fig. 5 with the thermo 
dynamic activities for the Au-Ag system 
lated by MeCabe, Schadel, and gZirchenall, and 
using the equation derived by Darken” 


dN 


a reasonably self-consistent set of values of the 
chemical and self-diffusion coefficients has been 
worked out for diffusion conditions in which large 
developed In the 


Combining the 


a COrit 


amounts of porosity are not 
equation D is the chemical interdiffusion coefficient 
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Chemical diffusion 
this research 


Chemical 


diffusion 
Ebert and 


Trommsdort 


| 
| 
O 


Gold self-diffusion 
Atomic pct Au 


50 60 70 80 90 100 


Diffusion coefficient in cm® per second x/O7* 


30 40 


10 20 
Fig. 5-—-Dependence of diffusion in Au Ag alloys on con 
centration at 894°C. The gold self-diffusion data are from 
Fig. 2. Closed square represents chemical interdiffusion 
average for 45 to 55 pet Au, inverted triangle, silver self 
diffusion in 492 pct Au, and triangle, silver self diffusion 
in pure silver.” 


D* is the self-diffusion coeflicrent at atom fraction 
Vin the alloy, and is the thermodynamic activity 
coetlicient. The results of the calculations are sum 
marized in Table IIL Since the data were 
plete, it wa 
which the equation is least sensitive at the particu 
The estimated values of D are in 


not com 
chosen to estimate those quantities for 


lar composition 
brace the 
Reasonable consistency 


calculated values are in parenthese 
found, The only 


ociated with coplou 


large 


deviation eom to be a pore 
ity 
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Constitution of Delta-Phase Alloys 
Of the System U-Zr-Ti 


The ternary section between the intermediate )-phase alloys of the U-Zr and U-Ti sys- 
tems has been investigated. A constitutional diagram for the section, ranging from U-74 
atomic pct Zr to U-35 atomic pct Ti, is proposed. Thermal, metallographic, and X-ray 
data were obtained for alloys in this composition range. The section exhibits features of a 
quasibinary system in that only one and two-phase regions were found at the temperatures 
investigated. No evidence for a three-phase region or a new phase, not found in the binary 
systems, was indicated. At elevated temperatures the three components exhibited com- 
plete solubility, to form the body-centered-cubic » phase, decomposing at about 560°C to 
the U-Zr and U-Ti } phases in an apparent eutectoid reaction. 


by H. A. Saller, F. A. Rough, A. A. Bauer, and J. R. Doig 


U NIQUE among uranium alloy systems are the 
U-Zr, U-Tisand U-Mo binary systems, in that 
an intermediate phase, of limited solubility range, 
exists in each system 

These intermediate phase alloys offer a promising 
field of investigation, both as binary alloy and a 
While a limited amount 
, none 


ternary alloy combination 
of work ha 
has been done on ternary 


been done on the binary alioy 
combinations of these 
alloy 

As a possible prelude to more intensive investiga- 
tion of these systems, a study of the phase relation 
hips between the 4 phases of the U-Zr and U-Ti 
ystems was undertaken 
The solid-state portions of the binary constitu 
for the U-Ti, Zr-Ti, and U-Zr" sy 
olid to liquid tran 


tional diagram 
hown in Fig. The 
hown, us these transformation 


tems are 
formations are not 
tudied in the ternary system 

employed are based upon 


were not 
The phase designation 

those shown in the uranium constitutional diagram 

The erystal phases are 


viven in Table I 


tructures of the variou 


Experimental Materials and Methods 
The ternary based upon the 
results of thermal, metallographic, and X-ray anal 
yses of a series of alloys ranging in composition be 
tween the 4 phases of the U-Zr and U-Ti system 
(U-74 atomic pet Zr to U-35 atomic pet Ti). After 
thermal data were ob- 


ection presented 1 


preparation of the alloy 
tuined. On the basis of these data 
heat treated metallographically 


were 


pecimens were 
and examined 


Specimen then selected from those heat 


H A. SALLER, F A ROUGH, Associate Member AIME, A. A 
BAUER, Junior Member AIME, and JR. DOIG are associated with 
the Battelle Memorial Institute, Columbus, Ohio 
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treated for X-ray determination of the phases pres- 
ent in what were considered critical phase regions 

Alloy and Specimen Preparation —Alloys for this 
investigation were prepared from. selected as- 
reduced uranium and crystal-bar zirconium and 
titanium. For nominal compositions, see Table II 

Charges were are melted from five to seven times 
under a helium atmosphere, finally being cast into 
wire-bar form for fabrication. A zirconium getter 
button was used to clean the furnace atmosphere 
prior to melting 

The alloys were homogenized 20 hr at 900°C and 
furnace cooled. A portion of each bar was then re- 
moved for thermal analysis; the remainder was 
aved for fabrication 

Alloys 8 through 14 were placed in steel tubes 
along with zirconium getter chips and, after flushing 
with argon, the tube hut and rolled 
at 1500°F to a 50 pet reduction in diam 

The remaining alloys were annealed 24 hr at 
1100 F to insure transformation of the y phase to the 

U.Ti phase and were then hot rolled from a salt 
bath 

Attempts to roll alloys 6 and 7 at 1100°F were 
unsuccessful. Following this, attempts were made to 
roll pieces of alloys 1 through 5, which had cracked 
rather severely during casting, at 1200°F, but these 
efforts were also unsuccessful. These alloys were, 
therefore, further treated in their cast and homo- 


were welded 


ronized condition 

All alloys were pickled to remove oxide formed 
during rolling 

Thermal data were obtained on these alloys by 
conventional differential thermal analysis at a heat- 
ing rate of 3°C per min, and by a high-speed heat- 
ing method at rates of approximately 10°C per sec 
For the latte: analysis, a 36-gage 
Chromel-Alumel thermocouple is spot welded be- 
of alloy, the sandwich being en- 


method of 


tween two sliver 
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closed in a platinum envelope. The sandwich is 
then inserted in a small wire coil and is heated 
in vacuo. The heating curve is obtained on a high 
speed recorder. Data were obtained on all alloys by 
this method 

Differential data were obtained on alloys 4 
through 14. Bars of the other compositions were too 
badly cracked for the necessary machining to ob- 
tain a specimen 

Heat Treatment, Metallography, and Hardness 
Measurements—Specimens for heat treatment were 
cut from homogenized or homogenized and rolled 
bars. They were annealed at temperatures based upon 
the results of thermal analysis in vacuum furnaces 
under a vacuum of 5 x 10° mm Hg or less. All 


Table |. Crystal Structure of Phases in the U-Zr-Ti System 


Phase Designation Crystal Structure 


Orthorhombi« 
Tetragonal 

Body -centered-cubt« 
Pseudocubik 
Hexagonal 
Hexagonal 


specimens examined after heat treatment appeared 


to be homogeneous 

Heat-treated specimens were mounted in Bake- 
lite, ground wet through 600-grit paper, and were 
polished on Forstmann’s cloth with Linde A abrasive 
and 10 pet oxalic acid solution 

Two types of etchant solutions were used for etch- 
ing these alloys. Both were applied by swabbing 
One solution was lactic and nitric acid plus hydro- 
fluoric acid in the ratios 30 cu em:30 cu em:10 drops 
and 50 cu em:50 cu cm:6 drops. Both ratios were 
used on alloys 6 through 14, the first concentration 
ratio on those alloys which were richest in zir- 
conium and the latter concentration on those with 
higher titanium compositions. The other solution 
utilized was 100 cu cm of 10 pet oxalic acid solution 


Fig. |1—Solid state 
portions of U-Ti, 
U-Zr, and Zr-Ti 
binary systems 
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EGENO 
THERMAL ARREST* 
ME TALLOGRAPHIC DATA 
@ ONE PHASE 
@ TWO PHASE 


MOLE PCT * 


Fig. 2—-Proposed ternary section between U-74 atomic pct 
Zr and U-35 atomic pet Ti 


plus 10 drops of HF. This etchant was used on the 


titanium-rich compositions, alloys 1 through 5 


A slight overlap of useful composition range of 
these etchants occurred 

X-Ray Analyses—-Selected metallographic speci- 
mens were submitted to X-ray analysis. The speci 


Table 1|| Nominal Compositions and Thermal Analysis Results 


Nominal 
Composition 
(Balance Uranium) 
Atomic Pet 


High 
Speed 
Heating 
Arrests, 


Mole Pet Differential 
Arrests, °C 
Jirce Tita 


Alley nium nium Cooling 


mt -45 
ret Ti Heating 


“79 550, #14 
561, 754 
7, 7067 O52 
in 
45 
sue 
605 
05 


mens selected had structures which were too fine to 
permit identification of the phases present by metal- 
lography alone 

Fach of these specimens was examined on the 
metallographic surface by spectrometer methods 
As an additional check, some of these samples were 
made into sliver samples for examination in the 
Debye camera. These sliver specimens were rough 
awed and ground to cone shape and then etched to 
a sharp point 

Experimental Results 

ection between the 6 phases 
of the U-Zr and U-Ti systems (U-74 atomie pet Z1 
to U-35 atomic pet Ti) is shown in Fig. 2. The sec- 
tion exhibits features of a quasibinary section in 
that only one and two-phase regions appear through- 
ection. The »+6 U-Zr phase region is in- 
occurrence in the 


The tentative ternary 


out the 
ferred from thermal data and it 
U-Zr diagram. Metallographic and X-ray data have 
established the existence of the other phase fields 

The y phases of all three systems are isomorphous 
at elevated temperatures, decomposing at about 
160 C. Below this temperature, the two 6 phases are 
in equilibrium with one another 

Thermal Data—-The results of thermal analysis 
are listed in Table Il. Heating data are also shown 
plotted in Fig. 2 
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a) U5 atome pct 325 atomic pct 


Ti at 450°C, U Ti plus Ti at 850°C; 


d) U 55 atome pet Zr 9 atomic pet Th 
at 640°C, U Ts plus 


q) U 695 atom pet Zr 2 atomic pct 
Tr at 510°C 


Fig 3 


The differential data are considered more precise 
with respect to the temperatures obtained for the low 
temperature transformation, than the data obtained 
by the high 


data were 


peed heating method, However where 
obtained for the highet 
transformation. those obtained by the high-speed 


heating method are regarded as more reliable. The 


temperature 


values recorded represent the end of transformation 
harp break in the heating 
and an merease in the rate of temperature change 


Phe change in the differential curve wi 


as evidenced by a curve 


neither a 


pronounced nor as reproducible 


\lthourh 
obtained by the two method these variations are 


variations are observed in the value 


quite small and the result by the two methods are 


in Substantial agreement 
Data—-The result 
<amination are plotted 2. These 
data were obtained for the jlowin 
in each case followed by a water quench: 670 


Metallographic metallo 


vraphic ¢ 
ment 
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U 40 atomic pct Zr-16 atomic pct 
Ti at 640°C; plus 5 


h) U 20 atomic pct Zr 25.5 atomic pct 
U Zr plus Ti at 510°C, UZr plus 6 


b) U 20 atomic pct Zr 25.5 atomic pct c) U-5 atomic pct Zr-32.5 atomic pct 


Ti at 800°C; 5 UTi plus 4 


f) U5 atomic pet Zr-32.5 atomic pct 
Ti at 640°C; 5 U.Ti plus 4 


i) U2 atomic pct Zr 34 atomic pet Ti 
oat 510°C; 


Microstructure of heat treated and water quenched U Zr Ti alloys X250. Reduced approximately 25 pct tor reproduction 


hr at 510°, 170 hr at 640 100 hr at 700°, 20 hr at 


nou and 20 hr at 850°C 
tructures of the y, y+4U,.T1, and the 06 


hown in Fig. 3. All 


rypical 
Zi U.Ti pha regions are 
tructures are described by the captions appear- 
beneath them. However, a few are worthy of 
comment 

The second phase appearing in Fig. 3d could not 
be identified metallographically but was identified 
by X-ray diffraction methods as 6 U.Ti. Similarly, 
the second phase appearing in the hown 
in Fie. 3e was identified during X-ray examination 
Ti. indicating that the solubility of titanium 

or 4 phase is very limited 
hows single-phase 6 U.Ti, maximum solu- 


tructure 


bility of zirconium in this phase being observed at 
this temperature 

It should be noted that a second phase, « (a- 
appeared in a number of the zirconium- 


annealed at 640 and 700°C, although 


irconium ) 


rich alloy 
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/ 
A J é 


these specimens are indicated as single phase in 
Fig. 2. However, the appearance of this phase is a 
result of oxygen contamination rather than titanium 
additions. Low levels of oxygen content are known 
to restrict the region severely, oxygen stabilizing 
the y+e« phase 
higher uranium compositions than those shown for 
the true binary alloys 

X-Ray Data—X-ray diffraction studies were made 
of 16 annealed and quenched specimens after metal- 


region to higher temperatures and 


Table III. X-Ray Diffraction Data Obtained on Specimens in Ternary 
Section Between Composition U-74 Atomic Pct Zr and U-35 Atomic 
Pet Ti 


Nominal 
Composition 
(Balance Uranium), 
Atomic Pet 


Intensities of 
Quenching Vhase Patternst 
Temper 


Alley Zirconium Titanium ature, °¢ y 


ita obtained on etched sliver 
pectrometer 
ers M, moderate mds 


lographic examination, The results are given in 
Table Il 

It is seen that only two phases exist in equilibrium 
at any one temperature. No evidence for a new 
phase not appearing in the binary systems wa 
found. However, a third phase could be present in 
amounts less than are required for detection, o1 
etching of the specimens for examination in the 
Debye camera may remove one of the phases prefer- 
entially from the ample. It will be 
noted that the samples examined in the Debye 
camera generally exhibit relatively weaker intensi- 
ties of the U.Ti phase with respect to y than were 
pecimen on the spectro 


surface of the 


obtained from the same 
meter. This uggests the removal of U.Ti by the 
etching procedure 

The coarse grain size found in some 
also makes phase detection difficult on the 
meter. In addition, if 6 U-Zr is observed on the 
spectrometer, the y phase will not ordinarily be de 
tected because of the absence of unequivocal reflec- 
tions in the y pattern, 6 U-Zr showing the same 
reflections as the phase except for additional 
uperlattice reflection 

A relatively high solubility of zirconium in 6 U,Ti 
at 510°C is indicated by observation of lattice shift 
Among the alloys annealed at 510°C, alloy 5, con 
taining 10 atomic pet Zr, had a larger lattice than 
alloy 3, containing 2 atomic pet Zr, placing the solu- 
bility limits between the two compositions. Thi 
agrees with metallographic data which indicate a 
olubility of between 2 and 5 atomic pet Z1 

Attempt 
olubility of zirconium in 6 U,Ti at 640° and 


pecimen 
pectro- 


were also made to estimate the approxi 


mate 
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700 C. Although lattice expansions were noted in 
each specimen examined on the Debye camera, they 
were quite variable for specimens annealed at the 
ame temperature, and no definite trend could be 
established. These variations are incompatible with 
normal expectation. If the specimens are at equi- 
librium and lie in the same two-phase field, assum- 
ing composition values are correct, they should be 
on the same tie line and, therefore, have identical 
lattice constants. If they are in a three-phase field, 
they should also have the same lattice constants 

in lattice constant have not been 
two factors probably enter into, 
and may account for, these variations. First, the 
compositions are only nominal, and some deviation 


These variation 
resolved. However 


from a composition tie line may be expected. Sec 
examined in the Debye 
camera were titanium-rich alloy which had not 
been rolled. It is quite possible that the homogeniza- 
tion and the following heat treatment alone were in- 
ufficient to produce complete homogeneity and 
eliminate coring introduced during casting. A dif 
ome of the patterns, either of 6 U,Ti o1 

that equilibrium was not reached in 


ond, the majority of alloy 


fuseness of 
of y, suggest 
all case 

An interesting orientation relationship between 
the U_Ti and y phases was observed. Alloys 5 and 6, 
when quenched from 700° and 800°C, respectively 
howed the following coexisting planar relation 
hip (110), U.Ti i parallel to the (110) »; and 
(300), U-Ti is parallel to the (211) y. In alloy 5, 
quenched from 640°C, the orientation relationship 
was: (110), U.Ti 1 


Observation of these 
hips suggests that coherency hardening may occult 


parallel to (110) ; 
pecial orientation relation 


in these alloys under the proper condition 


Summary 
investigated, a maximum of 
xist either metallograph 


At all temperature 
found to 
No evidence was found for the 
region. The proposed 
74 atomic pet Z1 


hown in Fig. 2 


two phases wa 
ically or by X-ray 
presence of a three-phase 
tentative ternary section from U 
to U-35 atomic pet Tii 

The presence of U.Ti, as determined by X-ray 
pecimen annealed at 510°C, ex 
cept for the pure 6 U-Zr composition, and the ab- 
ence of any other pha e but 6 U-Zr and/or U,Ti in 
any of the other specimens, establish the phase 
region at this temperature as consisting of two phase: 

The two-phase y +4 U.Ti region is indicated, both 
metallographically and by X-ray, although the 
microstructures are too fine to reject unequivocally 
the possibility of the presence of a third phase. Simi 
larly, a third phase may be present, but in too small 
an amount to detect by X-ray 

The 6 U-Zr region is inferred from it 
ection and from thermal data 


analys! in all 


presence 


in the binary 
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Preparation of Alpha Uranium Single Crystals 


By a Grain-Coarsening Method 


A method for preparing single crystals of « uranium is described. The method depends 
on grain coarsening induced by the gradual decrease in grain growth inhibiting influence 
of dispersed inclusions in a fine grained recrystallized matrix. The factors which influence 
the tendency for this phenomenon and the size of coarse grains in uranium are described 
first. These factors are the bases for the method. However, to prepare single crystals of round 
cross section it is necessary to have the grain growth inhibiting inclusions distributed in a 
radial gradient increasing in quantity from the rod axis. This was accomplished by dif- 
fusion penetration of small concentrations of silicon from the rod surface. The steps in the 
process which produced a number of single crystals 4 mm in diam by 5 to 10 mm long are 
outlined and discussed in the second part of the text. 


by E. S. Fisher 


YRAIN coarsening impli 
J oof wrain growth during which a few grains in a 
matrix 


fine pgramed reerystallized 


vrai sizes at the expense of the matrix. Studies of 
indicate that 


this phenomenon in various metal 
yrain coarsening may result when contimuou 
inhibited by 


inclusions or by a 


yrowth in oa fine grained matrix 1 
either a dispersion of very fine 
trong texture. In the former case a period of an- 
nealing time exist prio to vrain coarsening during 


which grain growth inhibition is gradually de- 
E S. FISHER, Junior Member AIME, is associated with the Ar 
gonne National Laboratory, Lemont, Ii! 
TP 44646 Manuscript, Mar 2, 1955 Chicago Meeting, February 


1955 
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a discontinuous type 


prow to large 


creased by dissolution or coalescence of the dis- 
persed inclusions. This mechanism can be made to 
occur in @ uranium during anneals at high a phase 
temperature 

A study of some of the factors influencing the 
kinetics of grain coarsening and the coarse grain 
izes in @ uranium has led to a method for preparing 
Previously such single 
ubstructure were 


ingle crystals 
containing considerable 


Uranium 
crystals 
prepared at this laboratory by a phase change meth- 
od, similar to that described by Cahn.” Attempts to 
prepare more perfect single crystals by strain-anneal 
techniques were unsuccessful. Cahn’ has reported 
his attempts to apply such techniques to uranium 
He proposed that the failure of strain-anneal tech- 
niques is basically due to the many twins which 
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form during slight straining of a uranium. Because 
of the ease of twinning, too many recrystallization 
nuclei are formed during annealing for successful 
application of strain-anneal methods 

The method for preparing single crystals which ts 


described in this report consists of a number of 


Table |. Typical Chemical Analyses of Uranium Used in Grain 
Coarsening Study and Single Crystal Preparation 


Composition in Ppm 


si fe Other Ingot Source 


6 Al Melted electrolytic 
pornge 

Melted electrolyti 

sponge 


1Cu Melted electrolytt 


10 Al, 2 Cu 


porge 
Melted electrolyth 
pornge 

10 Al, 3 Cu Melted electrolytt 
sponge 

1Cu Melted electroly ti 
pornge 

10 Ni, Al, 5 Remelted biscuit 

Mn, 5 Mg.2Cu 


10 Al, 5 Ni, 3 Mr Remelted biseuit 


steps. The purposes of some of these steps may not 
be obvious to the reader because they are related to 
experimental observations which have not been pre- 
viously reported. These observations are described 
and discussed in the first section of this paper. The 
method for preparing single crystals is then de- 
scribed in the second section 


Characteristics of Grain Coarsening in « Uranium 

Experimental Procedures —During the course of 
investigating methods for preparing uranium single 
crystals, many different lots of metal were used a 
material, each containing different quantities of im 
However, for the study of grain coarsening 
were 


purities 
and for preparing single crystals the material 
primarily of high purity containing 10 to 25 ppm C 
and smaller quantities of other impurities. Some 
typical analyses are shown in Table I. Each lot com- 


prises the specimens made from one ingot of high 


high 
ponge 


purity metal. Preparation of the ingots by 
vacuum melting of electrolytically produced 
metal is described by B. Blumenthal.” The chemical 
data showed only small differences in composition 
of these ingots. Also included in thi 
results obtained using uranium of lower purity, lot 
Nos. 7 and 8. This material was made by remelting 
of sponge produced by pyrometallurgical method 
at AEC contract installations 

The high purity ingots were relatively 
eraging 0.8 in. diam x 4 in. long. Preliminary 
indicated that heat treatments in the # and y phase 
of uranium (660° to 760°C and 760° to 1133 C, re 
spectively) prior to final fabrication of the a phase 
influenced grain growth in the a phase subsequent to 
final fabrication To investigate these effect the 
were rolled at 300 C to rods of 0.337 
which were used 


report are some 


mall, av 
tudie 


ingot in. diam 


The rods were cut into 1 in. length 
as starting samples. These samples were 
polished in a sulfuric acid 
(45, 45, and 10 pet, respectively) electrolyte to a 
bright surface, wrapped in tantalum sheet envelope 
and sealed into evacuated fused silica capsules for 
Three different heat treat 


electro 


water, and glycerine 


y phase heat treatment 
were used, as designated by processe 


The capsules were heated 


ing schedule 
A, B, and C of Table II 
in vertical tube furnaces and quenching was effected 
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by cutting the support wires and breaking the cap- 
sule as it fell into a bucket of wate 

After the final quench the rods were reduced 77 
pet in area to 0.162 in. diam specimen size by swag- 
ing at 300°C out of oil, Most of the rods were re- 
duced using a multiple step schedule as follows 
a) 10 pet reduction in area, annealed 1 hr at 600°C; 
b) 15 pet reduction in area, annealed 1 hr at 575°C; 
c) 30 pet reduction in area, annealed 1 hr at 525°C; 
d) 30 pet reduction in area, annealed 1 hr at 475°C; 
and e) 40 pet reduction in area, no anneal 

During the earlier part of this study some rods 
were reduced to the same final diameter without 
resort to intermediate recrystallization steps. The 
effect of the swaging schedule is discussed in the 
text Unless otherwise designated, the specimens 
were prepared by the multiple step schedule 

Annealing of Specimens: Specimens of approxi- 
mately ‘4s in. length were cut from the 0.162 in 
diam rods, electropolished to remove surface oxide, 


and sealed into evacuated glass capsules. The cap- 


Table Il. Schedules of Processing Prior to Swaging 


Process A Vrocess Process ( 


Heated 1000°C for Heated 1000°C for Heated 1000°C for 
he 
Water quenched Water quenched Water quenched 
Reheated 800°C for Reheated 900°C for 
Water quenched Water quenched 


sules were inserted into steel tubes immersed in lead 
bath not exceeding 655 C 
The anneal 
following information 

1) The induction period, or incubation period, for 
coarsening at a specific temperature. This period in 
cluded the time necessary for primary recrystalliza 


at various temperature 
were carried out so as to obtain the 


tion at this temperature 

2) The maximum stable coarse grain size result 
ing from an isothermal anneal 

3) The effect of multiple step annealing on the 
Specimens were initially annealed 
grain growth had 


Coarse size 
at one temperature until coarse 
virtually stopped, and were then inserted into fur- 
naces at higher temperature 

1) The effect of annealing in a gradually increas- 
ing temperature, 5° per hr, from 550° to 650°C, on 
the coarse grain size 

Examination of Specimens: The specimens were 
macroetched in a hot aqueous electrolyte consisting 
of trichloracetic acid (500 @ per liter) and concen- 
trated hydrochloric acid (20 cu em per liter). A car- 
used and the voltage varied from 
pecimen size. A salt film 
removed by soaking 


bon cathode wa 
5 to 20 vy 
produced on the 


depending on 
pecimen wa 
in a dilute nitric acid bath 
Average grain sizes were estimated from micro- 
at X100 of metallographic polished surfaces, 
purpose the surfaces 


graph 
using polarized light. For thi 
were electropolished, after mechanical polishing, in 
an electrolyte consisting of 8 volume pet orthophos- 
phoric acid, 5 volume pet ethylene glycol, and § 
volume pet ethanol, at 30 ma per sq em. For inclu- 

were electroetched in a 2 
olution at 15 ma per sq em 


ion studies the surface 

pet citric acid aqueou 
Results 

coarsening in uranium 


cribed for Al-Mn alloy’ and 


equence of stages in the grain 
imilar to those de- 
ilver” Subsequent to 
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Lot 
Neo c 
1 23 7 10 2 
2 17 7 } 2 
7 20 12 20 0 


tallization there is an 
above 
ivf uni 


nceubation 


rains appear 
incubation period 
depends on the 
and 


temperature 


due to di pel ed in 


te nd to 

re appeared to 

in size above which further 
rowth was precluded. Thi 
presumably dependent on 
ed inclusion ince it 


of the pecimen a 


ad Vi in those con 

vhich produced the 
condition yore 

the be 

bb) the 


threrse 


t enough to 


follow 


coarsening 


found ) a 
Pain 
Course 


bean able bil 


each other fo the matrix ‘rain yrew to a 
hold pri ive. There remained a problem in 
f producing these 
» method was observed 
cperiment with different 
Although these pot 


t content the 


conditions when 


clue to: in Cal 


h purity metal 
and annealing in 


Metallographn 
with in 


wteri i r rollin 
differ onsiderablh 
relate the behavior 
ed that the difference 


ins the 


to col 


! pection 


eluston content It urn 


observed were due to difference volume frac 


inclusions resulting from pre 


Subsequent 


effect 


» phase temperature 
vere made to determine the 
different quenchin tomperature prior toa phase 
rent howed a pronounced 


found that very large 


atment. These expel 
It wa 
produced from an high 
optimum temperature 


tematic effect 


ins could be purity in 
freon 


differed between ingot 


Quenching Temperature The ef 
on the ehat 
mn coursenin iim through 
a function 


temperature 


nat 


final quenchi emperature 


rve how the ain growth a 


temperature for three ditlerent rod 


1000 


increased with 


quenched trom 800 900 and 


The meubation period 
final 


un vrowth of the matrix dec 


temperature Continuou 


reased with 


quench 
ineres 

The number of 
with 


h temperature and was not 


nh the final quench temperature 


poecimer volume decreased 


al queen 


affected by the temperature 


annealing 
grow and im 
affected by the 


of the coarse rains to 
other was significant! 
‘ture. The 
mate disappe 
d with increase in the 


temperature 
of the small 
final 


ilin 


Since the annealin tempera 


d to below 660°C there existed an 


yotimmurn fir juench temperature which would 


produce conditions for maximum coarse grain size 
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In this lot the optimum quench temperature was 
lose to 900°C 

Effect of Composition: The optimum temperature 
for producing the largest coarse grain size differed 
considerably between ingots. However, in all cases 
the effeets of increasing the final quench tempera- 
ture the same as described above for lot No. 1 
In lot No. 5 the best results were obtained from 
1000°C final quench, whereas in lot Nos. 3 and 4, the 
optimum final quench temperatures were 860 and 
pective ly. It is of interest that the largest 
in the lower purity lots, Nos. 7 and 8, 
from the 1000°C final quench. In 
the did not grow 
}imm in any In general, the 


decreased with 


were 


800 C, re 
coarse Brain 
were obtained 
these 


large! 


pecimens coarse grain 
ion 


ignificant decrease 


than dimen 


coarse Brain 
in the purity of the uranium 
Effect of Annealing Temperature 
isothermal anneal- 
pecimens of a 


In general, the 


coarsest grains were formed by 
ing at 640° to 655°C. Usually those 
viven lot which had been final quenched from an 
optimum temperature contained duplex structure 
grains were not impinged on each 
temperatures than 

which had been 


in which coarse 
other when annealed at 
640 C. Some of these 

annealed at 625° and 600°C for 65 hr, were 
heated at 650°C. The higher temperature 
ignificant effect on the grain size A 
effect was observed in specimens which were slowly 
heated 550° to 650°C. The duplex structure 
formed at lower temperatures wa apparently stable 


lowe! 
pecimen 
subse- 
quently 


had no imilar 


from 
at higher temperatures 

Effect of Fabrication 
were generally longer in a direction parallel to the 
than in directions. This 
related to banding in the 
primal tructure, a pronounced case 
of which 1 Fig. 4. This appearance 1 
typical of microstructures in specimens which were 
ingle step schedule. The are 
vroups of grains somewhat similar in grain 
orientation with respect to the plane of polish (a 
light examination). The 

a result of differences in 

deformation among the 
fabrication. Rod 
in cast- 


Process: The coarse grains 


rolling direction radial 


hupe appeared to be 
tallized 


hown in 


recry 


waged by a bands 
size and 


indicated by polarized 

bands appear to develop a 
the degree 
grains in the rod 
which are large grained prior to rolling, a 
ings or rods heat treated in the phase, and are 
heavily rolled prior to recrystallization show thi 
phenomenon very markedly after recry tallization 
The in one band may be, on the average, two 
to three those in an adjacent band, 


and the 
rection 


and types of 


undergoing 


vrain 
as large a 
e aligned parallel to the rolling di 
occurs in such structure 
in the fine grained 
band in which it 


bands at 
When coat 
vrain tend 


enine 
to initiate 
the 


the coarse 
band and to 
originated 
Thi 
tiple 


grow into 
minimized by using mul- 
When coarsening oc- 
tep method 


banding effect wa 
tep reduction schedule 
reduced by the multiple 
the coarse showed the tendency to grow 
faster in the direction of rolling. However, the aniso 
tropy of growth was less apparent than in the heav- 
ilv banded structures, i.e., the grew 
er in the radial dimensions, the lower the degree 


curred in rod 
grains still 


coarse grains 


larg 
of banding 

Interpretation of Effects of Quenching Tempera- 
proposed that the grain coarsening phe- 
this dependent on 
fine particles included in the 
the Because 


ture 
nomenon deseribed in 
very 

annealing in 


report 1 


the presence ot 


uranium during o phase 
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fabrication and prima recry 
Hoo durit Which the mat 
form and smal an induction or 
period Ir the econd stage a few of the matrix 
uins begin to coarsen at the expense of the small 
ned mat Although the coi 
ibruptly, denoting the end of the 
the rate at which these ruil pre 
rut it ve, the anneal 
the inhibition to grain growth 
elusiot 
During both stawes the 
nerense continuous! A 
i thre hold matrix 
nificant course rain 
threshold an 
F the inhibiting effeet of di 
aried depending on the hstry = 
deseribed below 
In th 
hitter 
) 
il 
numel must 
Vere vel 
rowth cha 
the « pha 
tie 
ely 
| 
tre 
Phe 
of 
feat of the 
neter 
{| These et 
especetivel 
nificantly 
Phe abilit 
pinge on each 
annealing ter 
ail 
miatrin rain 
juench tenpentue 
tures were | 


Fig. 1—Grain size vs annealing time 
at 550°, 600°, 625°, and 650°C for 
lot No. 1-A specimens. Arrow denotes 
grain coarsening. Maximum ultimate 
grain size is indicated above arrow 
Duplex denotes that coarse grains did 
not ultimately consume matrix 


1-B specimens 


of the fine particle size these inclusions are very 
effective for inhibiting continuou 
sequent to primary recrystallization and, the large 
their volume fraction, the greater the effect. During 
prolonged annealing these particles tend gradually 
to coalesce or to dissolve in the uranium. In eithe: 
event the inhibiting power is decreased gradually so 
that at some stage of annealing some of the grain 
can begin to grow abruptly at the expense of the 
which are still inhibited. The incubation 
on the rate of coale 


grain growth sub 


fine grain 
period for coarsening depend 
cence or dissolution of the particle 
tion of the annealing temperature, and on the vol- 
ume fraction of the particlh The number of grain 
which start to coarsen during the initial stages of 
coarsening ts 
fraction of particles 

The question then arises as to the source of the 
in the high purity uranium. Studies of 
indicate that most of the 
elements detected as impurities, Table I, have ex 
tremely small solubilities in @ uranium. However 
solubilities in the high temperature y phase appear 
to be significantly greater. Atoms in 
phase will then tend to precipitate when the metal 
is cooled to the a phase. The particle size of the 
hould depend on the temperature at 
ubsequent an 


which is a func 


primarily dependent on the volume 


fine particle 
binary uranium alloy 


olution in 


precipitate 
which precipitation occurs and on 
assumed that treatments of the rod 
waging at 300 C 


nealing. It i 
in this study, water quenching and 
with intermediate recrystallization anneals, produce 
ize. The volume frac 


hould depend on the 


a precipitate of fine particle 
tion of these 
number of impurity atoms in 
From the consistently observed correla 


fine particle 
olution just before 
quenching 
tion between 
growth kinetics described in the text, the 
in the y phase apparently increase with temperature 
i.e., the higher the quench temperature, the longer 


because of 


quenching temperature grain 


olubilitic 


the incubation periods for coarsening 


the greater volume fraction of fine particles pro 


duced by precipitation 


Method for Preparing Single Crystal Rods 
ingle crystal rods of a 
based on the 


train 


A method for preparing 
uranium has been developed which 1 
conditions for obtaining a maximum course 
However, it was nece ary 
o that the coa 
with diam 
and length 
other 


size as described above 
to introduce two other condition 
grains could grow to the shape of rod 
eters approaching those of the 


ufficient for 


pecimen 


practicable separation from 


TRANSACTIONS AIME 


Fig. 2—Grain size vs annealing time Fig 3 
at 600°, 625°, and 650°C for lot No 
Arrow denotes grain 
coarsening. Maximum ultimate grain 
size 1s indicated above arrow. Duplex 
denotes that coarse 
ultimately consume matrix 


Grain size vs annealing time 
at 625° and 650°C tor lot No. 1-C 
specimens Arrow denotes grain 
coarsening. Maximum ultimate grain 
size 1S indicated above arrow. Duplex 
denotes that coarse grains did not 
consume matrix 


grains did not 


grain in the To obtain rod haped 


grains the distribution of fine particle in 


pecimen 
coarse 
hibitor was changed from a uniform type to a radial 
diffusion gradient type in which the concentration 
of inhibitor increased with distance from the center 
or rod axi Jecause the incubation period for grain 
coarsening increased with increase in inhibition, the 
first coarse grain in the specimen formed at the rod 
axis under these conditions and grew to the desired 
rod shape and dimensions if other conditions per 

mitted ufficiently long length 


eninge proce Wi 


To obtain the coat 
pecial tempera 


also effective in 


earried out by a 
ture gradient technique, which wa 
limiting the number of coarse grain 

Single crystals of diameters up to 0.230 in. and 
lengths up to '% in. have been prepared by thi 
method from many different ingots of high purity 
report the general procedure for 
pecimens of 0.162 in 


material. In thi 
preparing single crystals in 
diam and some typical results are described 
Process The radial concentration 
produced by diffusing sili 
con into the bare during heat treat 
ment at 1L000°C in evacuated Vycor or fused quartz 
capsule An unknown reaction occurred between 
ilica which permitted 


Siliconizing 
vradient of inhibitor wa 
uranium rod 


silicon to 
ufficient 


the uranium and 
diffuse 
quantities to provide 

ents within 5 to 10 hr « 
to obtain 


concentrically into uranium in 
uitable concentration gradi 
xposure to the vapors. The 
ufficient silicon varied, 
unknown reason on the lot of 
indicated by chemical analyses. Chem 

howed that a 10 to 20 ppm overall 


time of exposure 
depending for some 
material a 
ical analyse 
ufficient to prepare 
In some lots the 
ilicon the uranium rod 
ufficient to pro 
gradient for ob 
In other lot 

ubsequent 


increase in silicon content wa 
ingle erystals of thi 

depth of penetration of 
during the 
duce a satisfactory concentration 


diameter 
iliconizing proce 


taining a good yield of single crystal 

it was necessary to diffusion heat treat 
to siliconizing 

veneral procedure for preparing 
the pro 
tudy of grain coat 


Procedure ‘The 
ingle crystals was somewhat the same as 
cedure described above for the 
ening characteristic The high purity ingots, cor- 
» lot Nos. | through 6 in Table I 
olled to 0.337 in. diam rods, which were in turn cut 
length These length 

according to the schedule outlined be 
all of the steps which may have 
i; particular lot of uranium 


responding te were 


nto 1 in were processed 
individualls 
low, which include 


been necessary for 


JULY 1957, JOURNAL OF METALS—885 


‘ Moe 
: ‘ Ovples ‘ ‘ 
‘ } ‘ 
; “ 
1 
‘ 


Fig 4--Growth of long coarse grains in matrix containing 
pronounced longitudinal banding Polarized light X50 Re 
duced approximately 10 pet tor reproduction 


1) Stheonizing Heat Treatment The rod 
electropolished ealed into an evacuated Vycor or 

rtz capsule, heated at 1000°C for 5 to 10 hr, and 
vater quenched 

lots further 
The 
foul to prevent further addition of 
and heated at 1000 


on at 1000 © after Siliconizing: In some 
diffusion of the 


theonized rod wa 


iheon was found bene 
wrapped in tantalum 
theon, sealed in 
each lot there 

ted a particular final quench temperature be 
veon BOO” and 1000°C which produced the best 
nal yield. The rod heated at thi 


ture for 5 hi capsules and 


Final Quench Treatment For 


were tempera 
ealed in evacuated gla 
protected by tantalum envelope and water 
nehed 

were swaged to 0.162 in 


chedul 


Simaqing The rod 
diam b thr 


previo 


multiple step outlined in the 
ection 

») Preparation of Specimen The rod was cut 
which wa 


hape) 


length one end of machined 


toa point with a 30 


into 
taper (pencil 
lnneal: The 
were sealed in evacuated capsule recrystal 


at 475°C 


fi) Coarsening pencil shape speci 


and annealed for rain coarsening by 


u spectal tempe ecedure which wa 


rature pradient pi 
derived after investigating other methods. The cap 
teel tube 
immersed in 


ule vere first suspended vertically in a 
thie lower half-length of 


molten lead at 655 C 


which wa 
whereas the upper half wa 
vater cooled through copper oldered to the 
teal The height of the pecimen was adjusted 

that the point was at 650 CC. The 
dient wa uch that the top of the | in 


After 


tubing 


temperature 


Vil at approximate C about 
th postition the ci ule was lowered abi 
the bottom half of the tubs o that the 


0 to 100 hi 


uptly 
whole poet 
men was at 655 C for 

After the coarsenin 
rain enerally existed at the 


anneal a lay very fine 
eviindrical urtace 


il to form a ring about the coarse grain at a 


rm ection, a hownin Fy » Th ring of grain 
enerally could not be completely absorbed by grain 
rowth ot the hi h 


iheonizing 


inhibitor concentration 
When the center of 


thi aurea due to 


the cro ection contained one large coarse 
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the outer ring of fine grains was easily removed by 
prolonged macroetching in the trichloracetic electro- 
grain at the cross 


lyte o as to leave only the one 


ection. Fig. 6 shows a specimen containing five 
cylindrical grains after removal of the fine grained 
‘ This grain was then isolated from other 


ains attached to the ends by mechanical grinding 


on metallographic lap 

Method for 
Before single crystal 
pecimens of a given lot of material it 


Determining Optimum Processing 


Condition could be pre- 
red from 

necessary to find optimum values of the sili- 
diffusion time, and the temperature 
Although the amount of silicon 
uranium in a given time appeared to 
material, the effect did not comph- 
yreatly because the amount of silicon 
was critical only to the extent of having sufficient 
ilicon to produce an effective gradient of inhibitor 
It was found that the presence or absence of suffi- 
cent could be determined 
thickmne of the fine grained ring on the 
after the coarsening anneal. When the 
urface was sufficient 
grained ring of two to four grains 
(0.05 to 0.1 mm), uitable for 
could be produced by ad- 
other two factor An excess of 


conizing time 
of final quenching 
pickup by the 
‘ with the 


matter 


ilieconizing treatment 
from the 
pecimen 
inhibitor concentration at the 
to form a fine 
thickne condition 
preparin ingle crystal 
justments in the 
ilhieon over a wide 
in the thickne 
quently, a decrease in the 


Of the four lots of material only lot No. 6 required 


range merely caused an increase 
of fine grained ring and, conse- 
ingle crystal diameters 
more than a 5 hr siliconizing treatment 
The total diffusion time wa 
too critical in its effect on single crystal yield a 
long as the ufficiently deep 
In », for example, the diffusion which oc- 


also apparently not 


theon penetration wa 


Fig 5—Grain size 
distribution after 
grain coarsening at 
a cross section of a 
specimen containing 
a concentration 
qradient of silicon 
Dark outer ring is 
tine grained and 
light area ts single 
coarse grain. Macro 


etched. X7 


Fig 6 Specimen 
containing five 
cylindrical grains 
after chemical re 
moval of fine grained 
surface. X2 


TRANSACTIONS AIME 


.. 
~~ ' 
Pie ‘ >: 4 
‘ “ . 


curred during the 5 hr siliconizing time produced an 
inhibitor gradient which was effective in causing 


one coarse grain to grow from the center of the 


specimen section However, the annealed 
specimens from this rod all contained an intermedi- 
ate ring of smaller coarse grains between the cen- 
ter grain and the peripheral ring of fine grains 
which was two to four grains thick. Consequently, 
the single crystals obtained from the grain separa- 
tion process were of relatively small diameter. In 
subsequent treatment of lot No. 5 rods an additional 
5 hr diffusion time was used, subsequent to silicon- 
izing, which was effective in permitting the single 
coarse grains to grow to the fine grained ring, the 
thickness of which was not changed significantly by 
the additional diffusion. In lot No. 6 the diffusion 
which occurred during the 10 hr siliconizing treat 
ment was not sufficient to prevent a thin intermedi- 
ate ring of relatively small coarse grains from form 
ing between the large center grains and the surface 
However, because the total thickness of the peri 
pheral rings was relatively small, the single crystal 
obtained from this lot were of satisfactory diamete 
An additional 5 hr diffusion in this lot caused an 
increase in the thickness of the fine grained ring, as 


Cross 


shown schematically in Fig. 7 

The yield of single crystals was most 
affected by variations in the final quench tempera 
ture. For each lot of material there was a particulat 
range of final quench temperatures for obtaining 


ignificantls 


the maximum single crystal yield. The tempera- 
tures in this range varied within an interval of 
approximately 50°C. In lot No. 6, a final quench 
temperature of 1000°C produced very good result 
and higher final quench temperatures were not 
tried. In specimens of this lot quenched from 900°C 
could be obtained. The 
ections consisted of two to four large coarse 
maller coarse grain The 
kin did not vary sig- 
In lot No 


approxi- 


no single crystal pecimen 
CTOSS 
grains with dispersed 
thickness of the fine grained 
nificantly with final quench temperature 
5 the mean optimum temperature wa 
mately 900°; the 1000 °C final quench 
consisted of a mixture of coarse grain sizes with 
after the final an 
from 


pecimens 


entrapped islands of fine grain 
neal. Lot No. 4 specimens final quenched 
800 C produced a very good yield of single crystal 

and lower final quench temperatures were not ex- 
plored ed with a 850°C 
final quench were entirely fine grained after pro 


However, specimens proce 
longed final anneals 

Because the optimum proce 
not be predicted from chemical analyses of a lot of 
material these factors had to be determined by ex 


ing conditions could 


ploration. From experience it became evident that 
the 10 hr total processing time at 1000°C was gen 
erally sufficient for optimum distribution of the sili 
con, and that the optimum final quench temperature 
would be between 800° and 1000°C. A_ procedure 
for finding these conditions was adopted in which 
the first three 1 in. lengths of a new material were 
processed simultaneously, using a 5 hr siliconizing 
time and no further diffusion. The first rod was final 
quenched from 1000°, the second from 900°, and the 
third from 800 C. After swaging and final anneal 

ing, specimens of each rod were examined to deter 

mine, first, which of the final quench temperature 
produced 
whether further 
was necessary in the proce 
of the same lot. If the 


the largest coarse grains and econd 
ihconizing or diffusion treatment 
ing of sub equent rod 


pecimen 
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contained a fine 


Fig. 7—Sketches showing effect of varying silicon distribution 
on grain size distribution after final annealing Specimen A 
is trom rod processed with 10 hr siliconizing time Specimen 
B is trom rod processed with 10 hr siliconizing plus 5 hr 
turther diffusion. Dark areas indicate tine grains, dark lines 
simulate twin bands 


grained ring, indicating sufficient siliconizing treat 
ment, but no single crystals of any diameter could 
be prepared from three or four specimens of each 
of the rods, further exploration of the final quench 
temperature was carried out. In processing the next 
1 in. length from this lot, a final quench temperature 
50°C above that which appeared to be the best of 
the first three tests was tmed. If the single crystal 


Table Il. Processing Conditions Which Produced High Yields of 
Single Crystals 


Final Quench 
Temperature, 


Siliconizing 


Time, He Added Diffusion 


pecimens of a rod was in the order of 
variation in the final quench tem 
pecimens of 


yield from 
50 pct, a 25°C 
perature was tried in order to obtain 
vreater yield 

By this method, the processing condition 
ary to prepare a high yield of single crystal 
four different lots of uranium were found, which 
are noted in Table IIL The lot numbers correspond 
to those in Table I 

Metallographic Observations ‘The inclusions ob 
ilieonizing varied 


nece 


from 


erved in the specimens due to 
in number and type depending on the lot of mate 
rial. In lot No. 3, for example, a high concentration 
of very small gray colored inclusions was found at 
the periphery of the cro ections where the fine 
remained after the coarsening anneal, No in 


ingle crystal 


prain 
clusions were found in the tsolated 
from this lot. In lot No. 4 no inclusions were ob 
erved even in the fine grained ring. Lot No 
econd type of inclusion which ap 


5 and 
6 contained a 
peared larger, darker, and more widely dispersed 
than the first type of these in 
clusions decreased with distance from the cro ec 


The concentration 


tion edge, but some were found in the coarse grained 
The isolated from these lot 
contained a few of these inclusion 


region ingle crystal 

at the edge 
Under polarized light examination the single ery 

tals appeared free of subgrain boundarie Seldom 
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" | 
A 3 


Fig Back reflection Laue pattern trom well polished face 
of single crystal, b axis parallel to X ray beam, unfiltered 
tungsten radiation, and 0.030 im collimator 


however, wel the erystal 
band It 

tropolished after 
broad twin band 
(20 to 30 min) some very 


completely free of twin 
ufficiently ele« 
grinding numerou 
After prolonged 
thin twin 


tal ends were not 
mechanical 
were observed 
electropolishin 
band enerally present 

X-Ray Diffraction Studies big. & show 
back reflection Laue pattern taken with one end 
face of the erystal normal to the X-ray beam. The 


wore 


a al 


howing no evi 
More 
ubstrueture have not been 


pot were reasonably harp 


denee of ivnificant ubstructure refined 
methods for detecting 
uppled to these ery tal 

The large rain vrain coarsenimny 
ue enerally oriented with the [010] direction al 
most paral with the rod ax In approximately 
(0 single ey most of the [O10] direction 

thin 15 with a 


ition of. 


produced by 


were 


ahenment maximum 


Summary 


A method for preparing single 


been developed which depends on a di 


ur ha 
continuou rain growth phenomenon. For grain 
coarsening to oceur it is necessary for high purity 
metal to be fabricated in the phase Oo as to 
after primary re 
annealing at high 


to 650° C. a few 


produce a fine rained structure 
ervstalh furthe: 
tomperature the « phase, 600 


will grow almost abruptly 


ation Upon 


of the fine primary 

The tendency for 

influenced by the variation in 


feos 
ening 1 ignificantly 


pha « heat treatment 


prain Cowal 
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prior to fabrication. This is attributed to the effect 
of the heat treatment on the dispersion of grain 
vrowth inhibiting inclusions in the primary recrys- 
tallized These inclusions have the greatest 

n vrowth inhibiting effect when they are finely 
is attributed to the 
inclu- 


tructure 


ed. Grain coarsening 
radual coalescence or dissolution of these 
during prolonged annealing 
are obtained when the 
some optimum 


are of unl- 


The largest coarse grain 


concentration of fine inclusions | 
value, the primary recrystallized grain 
formly fine grain size, and the final annealing proc- 
‘ is carried out at the highest permissible tem- 
perature. The fine 
trolled by phase heat treatment, the quantity in- 
asing with increase of final quench temperature 
to fabrication. The uniformity of primary re- 
rvstallized grain size is markedly affected by the 
fabrication schedule; a multiple step schedule has 
been found for producing the greatest uniformity 
To prepare single crystals of round cro ection 
it was necessary to introduce further processing 
prior to fabrication so that after fabrication the grain 
rowth inhibiting inclusions would be distributed in 
a radial concentration gradient, increasing from the 
This was accomplished by permitting sili- 
con vapors to react with the surfaces of the rods 
during heat treatment in evacuated silica capsules 
at 1000°C. The diffusion penetration of the minute 
ilicon was controlled by the time of 
heating. These rods were then processed so as to 
optimum conditions for growing the 
explained above, using the 
optimum final quench temperature, the multiple step 
chedule, and a temperature gradient final 
method When processing 
conditions were used, which varied among different 
lots of high purity uranium, one coarse grain grew 
from the edge of a specimen 
cro ection. The surface of the specimen was fine 
vrained. A number of rod shaped single crystals 
of 4mm diam and 5 to 10 mm length were prepared 


inclusion concentration Is con- 


rod ax)! 


quantity ot 


produc the 


largest coarse grains, a 


reduction 


annealing appropriate 


center almost to the 


from uct pecimen 
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Elevated Temperature Phase Relationships 


In the Cr-Ni-Mn-N System 


Austenite-austenite plus 5 ferrite phase boundaries have been determined for the 
Cr-Ni-Mn-N system at temperatures of 2100°, 2200°, and 2300°F over the composition 
ranges 15 to 21 pct Cr, 0 to 3 pct Ni, 12 to 18 pct Mn, and 0.25 to 0.45 pct N. The 
structural diagrams permit the selection of territe-free stainless compositions containing 


little or no nickel. 


by E. J. Whittenberger, E. R 


VER the past two decade the Cr-Ni stainle 
teels, popularly termed 18-8 steels, have been 

used in ever amounts in the aircraft, 

automotive, chemical, transportation, and building 


The contribution of nickel to these tee! 


Increasing 


industrie 


Is associated with it trong austenite forming ten- 
Which assure good hot and cold forming 


beneficial influence upon 


dencie 
characteristics, and with it 
corrosion resistance, especially in oxidizing acid 
The adjustment of the chromium and nickel content 
has been used advantageously in controlling the 
rollability and the response of the 
properties of these steels to cold reduction 

With the advent of the jet age and the government 
tockpiling of nickel, considerable emphasis has been 
atisfactory low 
tuinle 


mechanical 


placed upon the development of 
nickel or nickel-free substitute 
steels, especially for nonmilitary application Fer- 
ritic 17 pet Cr (AISI Type 430) stainlke teel ha 
been effectively substituted for the austenitic grade 
in applications with 
However, the limited 
netic behavior of thi 
factory use for many application 
ter formability in a nonmagnetic 
nickel, a number of low nickel 
tainle 
In most of these steels, manganese and 


austenite 


mildly 
formability and 


COTrOSsive exposure 
ferromag 
grade do not permit it ati 
To achieve bet- 
teel and conserve 
ubstitute austenitic 
grades of teel have been developed in re 


cent yea! 


E J WHITTENBERGER, Member AIME, E RR. ROSENOW, and 
D. J. CARNEY, Member AIME, are Chief Development Metallurgist, 
Physicist, and Superintendent, No. 2 Electric Furnace Shop, South 
Works, respectively, United States Steel Corp, Chicago 
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Rosenow, and D. J. Carney 


nitrogen have been substituted for a portion of the 
nickel content, for example, 17 pet Cr-4 pet Ni-6 pet 
Mn (AISI Type 201), 18 pet Cr-5 pet Ni-8 pet Mn 
(AISI Type 202), and 16 pet Cr-1 pet Ni-17 pet Mn, 
all of which contain approximately 0.15 pet NJ The 
precipitation of o ferrite when large ingots of these 
Cr-Ni-Mn-N steels are heated to temperatures high 
enough for conversion to slabs on conventional unt 
ernously affected the hot 
workability of these steel This has been especially 
true in the case of the 16 pet Cr-1 pet Ni-17 pet Mn 
15 pet Cr-1 pet Ni-15 pet 


versal labbing mill ha 


(sometimes referred to a 
Mn) composition 
secause it Is po nickel will 


tee] appli iu 


ible that little, if any 
be available for nonmilitary stainle 
tions in the event of a national emerpvency, a need 
has existed for a nickel-free austenitic 


teel containing hot and cold forming characteristic 


tainle 


imilar to 18-8 steels and corrosion resistance at 
least comparable to the 17 pet Cr ferritic steel. The 
effect of 6 ferrite upon 
of the 16 pet Cr-1 pet 
Ni-17 pet Mn steel indicates the importance of estab 


aforementioned deleteriou 
the hot working characteristic 
lishing the austenite-austenite plus 6 ferrite phase 
boundaries as the first step in the development of 
nickel substitute tee! Thi 
paper presents the data collected in an elevated 
of the Cr-Ni-Mn-N 
United State 


nickel-free or low 


temperature constitutional study 
tem at the South Works of the 
Steel Corp 
Experimental Procedure 
The 300 compositions used in the investigation 
were melted in a 26 Ib induction furnace and cast 
tts in. diam by 18 in. tall hot topped ingot mold 
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Fig | 


Microstructure of Cr Ma N steels after heating forged specimens | hr at 2300°F and water quenching. a) LEFT: 18 pct 


Cr 15 pet Mn 0.45 pet no ferrite. b) RIGHT. 18 pct Cr 18 pet Mn 30 pct N; 5 pet 4 ferrite. Note grain coarsening in ab 


sence of } ferrite Electrolytic chromic acid etch X100 


furnace charpe consisted of low-metalloid 


ap, low-carbon 70 pet ferrochromium, low-carbon 
and 75 pet ferrosilicon. Elec 


those 


YO pel 


trolytic nickel wa used in melting compos! 

To obtain the necessary 
high-nitrogen (2.0 to 6.0 
high nitrogen 
used. The 


“upproxi- 


tions that required nickel 
either 


ferrochromium and/or 


hitroven content 
pet) 60 pet 
(o80 pet) electrolytic manganese were 
ition of all heat 


010 pet C, 0.020 pet P, 0.015 pet S, and 0.50 


base compo produced wa 
matel 
poet ol 

Vielting 
eontrol of the 


itated very 
Argon 
to avoid 


to close nitrogen limits nece 
nitrogen bath addition 
bath in the 
atmosphere. Very 
made of the 
whether nitrogen ga 
(bleeding) was evident As-cast 
from the top of the ingots (just below the hot top 


whether 


us was used over the furnace 
close 


uftes 
evolution 


pickup from the 


iIsual observation were ingot 


to determine 
ections were cut 


unetion) to determine nitrogen fas poro 

it Vis present 
bach 

ix lin 
tion of the forged plate 6 in. from the end 

representing the bottom of the ingot. Thi 

vus selected to avoid the positive chemical 

tion that 


thierse 


forged to 44 in. x 3 in. wide plate 


were cut from the midway 


location 
eprega 
generally found in the top portion of 
laboratory ingot 

Phe forged 
miutlle furnace io the 
to 2300 F at 100 F 

by 
and polished 
of their ferrite content. For magnetic determination 
content, the 


1/32 in 


were annealed in a laboratory 
from 2100 
at temperature 


ample 
temperaturé range 
intervals for 1 hi 


quenching, They were sectioned 


metallographically for determination 


rrite amples were prepared 


from all surfaces to remove 


ippeared to be a nitrided case in which ferrite 


never found regardl of the ferrite content of 


interior of the sample 


The magnetic determinations of ferrite content 


vere made with a magnetic torsion balance imilat 


to that employed by Tisinai and Saman To assure 
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amples were prepared 


mixtures of pure iron 


proper calibration, standard 


by compacting homogeneou 


powder and Bakelite powder in a conventional met- 


The 
(ferrite) by volume and 
ranging from 0.10 to 0.35 
of calibration 


allographu standards, con- 
taining from 0 to 11 pet Fe 


of a senes of thickness« 


mounting pre 


in., were then used to prepare a seri 
relating deflection of the magnetic torsion 
ferrite by This 
ample thicknesses. To 


eurve 
balance to percentage of volume 
wus done for each series of 
magnetic torsion balance 


deflections of a number of 


eliminate error in the 


reading the mapnetie 
the standard 
ter calibration curves before and during each set of 


on Cr-Ni-Mn-N 


amples were checked against the mas- 


measurement ample 


Discussion of Results 
Typical examples of the microstructure 
terizing these Cr-Ni-Mn-N steels when forged struc- 
olution annealed at 2300°F are shown 
While the two steel 
ignificant difference in micro- 


charac- 


ture were 
in Fig. | 


tained no 


depicted here con- 
nickel, no 
observed for the nickel-bearing steels 
In general, all steels which contained no 4 ferrite 
exhibited grain after 1 hi 
treatments at 2200) and 2300 F 
ferrite Was present, no appreciable increase in grain 
marked ferrite 
demonstrated in 
Since austenite grain size wa 


tructure wa 


annealing 
However, when 6 


coarsening 


ize occurred, Thi influence of 6 
upon grain coarsening behavior 1 
Fig. | 
to be 


cise record of grain size Vv 


not considered 


important in this constitutional study, no pre- 
composition and/or an- 
nealing treatment was made 

Before presenting experimental results, some rec- 
hould be potential sources of 
error in the experimental techniques. These would 
ociated chiefly with precision 
chemical analyses and the 


with the adequacy of the 


ognition given to 
be « xpected to be a 
of the 
ment 
of the 
librium distribution of phase 

Chemical Composition Because of the large 
number of laboratory which had to be made 


ferrite measure- 
length 
treatments in producing the equi- 


well a 


annealing 


heat 
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\ 
A 
he 


to rather precise Composition specifications in order 
to establish the elevated temperature phase bound- 
aries, and the practical difficulties associated with 
precise control of the carbon, chromium, nickel, 
manganese, and nitrogen contents, a special bath 
sampling technique was developed for the purpose 
of obtaining chemical analyses prior to the forging 
of the experimental ingots. This procedure con- 
sisted of obtaining a small 1!» Ib chemical sample 
which was representative of the bath analyses just 
prior to tapping of the heat. If the subsequent 
analyses of thi 
position would be useful in establishing the elevated 
the ingot was then 


In the early 


tap sample indicated that the com- 


temperature phase relationships, 
processed as previously described 
stages of the experimental program, check analyse 

taken adjacent to the specimens used for metallo- 
graphic and magnetic determinations of the phase 
relationships, were obtained for comparison with 
the analyses of the 1!2 Ib tap sample 

metallographic and magnetic specimen 
from locations representative of the lower portion 
between the check 


Because the 
were taken 


of the ingots, the agreement 
analyses and the tap analyses was quite good, being 
of the order of +0.01 pet C, +0.01 pet N, and +!» 
pet of the total amount of chromium, nickel, o1 
Because of thi 
and tapping analyses, the 


manganese present agreement 
between check analyses 
latter only were used in the later stages of the 
experimentation. The 
which may have heen introduced by the omission 


of check analyses are not considered to have in- 


small compositional error: 


troduced any significant error into the phase rela- 
tionship 

As a result of the minor deviation 
actual analyses and the aim composition 


for precise establishment of the phase boundaric 


between the 
needed 
some personal judgment was subsequently exercised 
in drawing the final phase boundarie 

Magnetic Determinations of Ferrite Content) The 
previously described procedure for preparing stand- 
ards which were used in determining magnetic de- 
flection-ferrite content relationships and for 
quently calibrating the magnetic torsion balance 


ubse- 


provided a method for establishing ferrite content 
much more rapid and possessed greate: 
than conventional 


In the early stages of the work, many com 


which wa 
accuracy metallographic tech- 
niques 
parisons were made between metallographic and 
magnetic determinations of ferrite content. In no 
case was the magnetic determination found to be 
ignificantly different from the metallographic de 
termination 

An important contribution of the metallographic 
however, was that of indicating fer- 
sample contained 
of ferrite. This was attributed 
olution annealing 


examinations, 
rite-free cases on 
identifiable amount 
to nitrogen pickup during the 
treatment in the air atmosphere of the laboratory 
Removal of 1/32 in. of material 
from all surfaces of the specimens was found to 
eliminate the ferrite-free case. Therefore, during 
the entire experimental program, 1/32 in. of mate- 
of the 
subsequent to the annealing treatment and prior to 


whose interior 


muffle furnace 


rial was removed from all surface pecimen 
magnetic determination of their ferrite content 
Annealing Treatment To assure that the phase 
relationships determined in this work would ap- 
proximate equilibrium relationships, an initial study 
of the influence of annealing time upon ferrite con 
tent was carried out. Specimens of unbalanced com- 
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AUSTENITE + FERRITE 


CHROMIUM 


PERCENT 


AUSTENITE 


1200 1300 14 00 18.00 600 1700 8.00 9 00 
PERCENT MANGANESE 


Fig. 2—-Structural diagram for 0.00 pet Ni-0.30 pet N steels 
indicating the chromium and manganese contents providing 
0, 3, and 5 pet ferrite after heating for | hr at 2300°F and 
water quenching 


which would precipitate 6 ferrite at 
ubjected to 2100° and 
various interval 


positions, 1e 
elevated temperature 
2300 F annealing treatments for 
In every case, no detectable change in fer 
in excess of 


were 


of time 
rite content occurred at time interval 
60 min. This was not unexpected, since forged struc 
tudy and would 
annealing 


tures were being annealed in thi 
not be expected to require the longe 
treatment necessary for the coarser as-cast struc 
tures. Therefore, the standard annealing treatment 
used in this work comprised 1 hr at temperature 
followed by water quenching 
The above-mentioned potential sources of error 
in the establishment of the austenite-austenite plu 
are not considered to pro 
vide a total error in excess of *1 pet 6 ferrite. Thi 
total error can best be evaluated by reference to Fig 
representing 0, 3, and 5 pet ferrite 


6 ferrite phase boundarie 


2, where curve 


have been drawn as a function of chromium and 
manganese content in nickel-free steels containing 
0.10 pet C and 0.30 pet N. This diagram shows the 
influence of chromium us a ferrite forming element 
that, at 2400 F, 
the limit of austenitic stability will produce approx 
imately 3 pet 6 ferrite. Such relationships as de 
picted in the 0 pet ferrite curve were used to portray 
the phase boundaries in the balance of the work, It 
hould also be pointed out that the linear nature of 


and indicate pet Cr in excess of 


the phase boundary in the range from 12 to 18 pet 
Mn is in good agreement with the previous work of 
Franks, Binder, and Thompson and Krainer and 
Mirt.’ 

Phase Relationships While Frank 
Thompson had determined the austenite-austenite 


jinder, and 


a4 function of chro 
mium, nickel, and manganese contents, their studie: 
were limited to nitrogen contents ranging from 0.08 
to 0.15 pet N. Krainer and Mirt, on the other hand 
determined this phase boundary in nickel-free steel 
containing chromium, manganese, and nitrogen with 
the nitrogen contents approximating 1/75th of the 
chromium content. Since neither of these investiga 
tions had determined the independent influences of 
and nitrogen, thi 


plus 6 ferrite phase boundary a 


chromium, manganese became u 
major objective of the present experimentation 
At the outset, it wa ufficient 


manganese and nitrogen could be added to nickel 


not known whether 
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Fig. 3 Structural diagram for 3.00 pct Ni 0.25 to 0.45 pet N Fig. 4—Structural diagram for 3.00 pct Ni-0.25 to 0.45 pct N 
steels after heating for | he at 2100°F and water quenching steels after heating for | hr at 2200°F and water quenching 
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Fig. 5 Structural diagram for 3.00 pet Ni 0.25 to 0.45 pet N 
steels after heating for | hr at 2300°F and water quenching Fig. 6—Structural diagram for 2.00 - Ni-0.25 to 0.45 pct N 
steels after heating for | hr at 2100°F and water quenching 
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Fig. 7-—Structural diagram for 200 pct Ni 0.25 to 0.45 pct N Fig. 8—Structural diagram for 2.00 pct Ni-0.25 to 0.45 pet N 
steels after heating for | hr at 2200°F and water quenching steels after heating tor | hr at 2300°F and water quenching 
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free steels containing 15 to 21 pet Cr to make them 
completely austenitic at 2300°F. Therefore, initial 
compositions included manganese contents up to 18 
pet and nitrogen contents up to 0.50 pet. It soon 
became apparent that the solid solubility for nitro- 
gen depended to a large extent upon the chromium 
and manganese contents. To obtain a qualitative 
measure of the solid solubility for nitrogen, each 
ingot was sectioned approximately 1 in. below the 
hot top junction to examine the internal structure 
for nitrogen gas porosity. Since nitrogen solubility 
was not an objective of this program and because 
uch information is difficult to portray on the struc- 
tural diagrams, only qualitative observations of the 
olid solubility for nitrogen are possible 

In general, an ingot containing 17.50 pet Cr and 
12.50 pet Mn did not exhibit bleeding (nitrogen gas 
porosity) when the nitrogen content was 0.35 pet or 
less. Increasing the chromium and/or manganese 
contents appeared to increase the solid solubility for 
nitrogen. For example, a steel containing 17.50 pet 
Cr, 15.00 pet Mn, and 0.45 pet N did not exhibit 
nitrogen gas porosity when cast in air. Usually, com- 
approaching the phase boundaries to be 
portrayed in the balance of this paper did not con- 
tain gas porosity. However, it should be cautioned 
that decreasing either the chromium or the manga- 
nese contents usually resulted in bleeding ingots 


position 


A typical structural diagram demonstrating the 
chromium and manganese contents corresponding to 
the austenite-austenite plus 6 ferrite phase boundary 
at nitrogen levels ranging from 0.25 to 0.45 pet in 
0.05 pet increments is presented in Fig. 3. The po- 
tent influence of nitrogen as an austenite stabilizer 
can readily be discerned in this figure. The addition 
of each 0.05 pet N makes possible an increase in 
chromium content of approximately 0.60 pet without 
precipitation of 6 ferrite in steels containing 3 pet 
Ni at 2100 F. It should also be pointed out that in- 
creasing the manganese content actually decrease 
the austenite stability slightly, Le reduces the 
amount of chromium which can be tolerated with- 
out the precipitation of 6 ferrite. Similar relation- 
hips in 3 pet Ni steels at 2200° and 2300 F are pre- 
ented in Figs. 4 and 5, respectively. Since, in the 
rolling of large commercial ingots, heating at 2300 F 
is desirable, the latter figure indicates that no diffi- 
culty from ferrite precipitation would be encoun- 
tered in a steel containing 18 pet Cr, 3 pet Ni, 12 to 
18 pet Mn, and 0.30 pet N 

The structural diagrams for 2 pet Ni steels at 


2100°, 2200, and 2300°F are presented in Figs. 6, 7, 
and 8 Comparisons of these diagrams with those 


for the steels containing 3 pet Ni at the correspond- 
ing temperatures (Figs. 3, 4, and 5, respectively) 
indicates that reduction in nickel content from 3 to 
2 pet lowers the allowable chromium content for a 
completely austenitic structure by approximately ' 
pet. On the other hand, this loss of austenite sta- 
bility may be compensated for by the use of an 
additional 0.05 pet N 

At the 1 pet Ni level, Figs. 9, 10, and 11, austenite 
austenite plus 4 ferrite phase boundaries are low 
ered by an additional '% pet Cr. Again, compensa- 
tion for the decrease in nickel content can be made 
by the use of an additional 0.05 pet N. The trend of 
reduced austenite stability with increased manga- 
nese content has not been significantly altered by 
the progressive reduction in nickel content. Thi 
observation explains the commercial advantages of 
changing the original 16 pet Cr-1 pet Ni-17 pet Mn 
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composition to 15 pet Cr-1 pet Ni-15 pet Mn to im- 
prove hot workability. Although these steels con- 
tained only 0.15 pet N, these structural diagrams 
suggest that decreasing both the chromium and 
manganese contents reduced or eliminated the 4 fer- 
rite present at hot rolling temperatures. Since in- 
creasing the manganese content from 12 to 18 pet 
consistently failed to enhance austenite formation, it 
follows that the only advantage found for the highet 
manganese contents in this study was that of in- 
creasing the solid solubility for nitrogen 

The final set of structural diagrams, Figs. 12, 13, 
and 14, shows the phase relationships in nickel-free 
steels. It can readily be seen in Fig. 14 that, at 
2300 F, a steel containing 17.50 pet Cr, 14.50 pet 
Mn, and 0.40 pet N* would not contain 4 ferrite 


* Patent applied for by the United States Steel Corp. The trade 
name is USS Tenelon 


Manganese contents below 14 pet might provide 
nitrogen gas evolution during solidification and 
produce internal unsoundness. For 
where lower chromium contents can be tolerated, 
lower nitrogen contents, for example, 16 pet Cr and 
0.30 pet N, would provide completely austenitic 
structures at 2300°F. 

An evaluation of the influence of temperature 
upon the austenite-austenite plus 4 ferrite phase 
boundary can be made by comparing the positions 
of the boundaries representing 2100°, 2200°, and 
2300 F equilibria for each level of nickel and nitro- 
gen investigated. This effect is important commer- 
cially, where the highest permissible heating tem- 
peratures are used in hot working operations to 
minimize or eliminate expensive reheating pro- 
cedures. The structural diagrams, Figs. 3 through 
14, indicate that, in the temperature range from 
2100° to 2300 F, austenite stability is reduced the 
equivalent of approximately 0.25 pet Cr for each 
100 F increase in temperature. This loss in austenite 
stability could be offset by the presence of an addi- 
tional 0.02 pet N or 0.40 pet Ni. This is a graphic 
example of the necessity for regulating the maxi- 
mum heating temperature of commercial heats of 
the less stable austenitic stainless steels according 
to chemical composition.’ 


applications 


The relative austenite forming abilities of nickel 
and nitrogen in these Cr-Ni-Mn-N steels are given 
in Fig. 15. This diagram shows the austenite- 
austenite plus 6 ferrite phase boundaries at 2300°F 
as a function of chromium, nitrogen, and nickel con- 
tent in steels containing 0.10 pet C and 15.50 pet Mn 
The curves indicate that, in these steels, approxi- 
mately 0.05 pet N is equivalent to 1 pet Ni in pre- 
venting 4 ferrite precipitation. Certainly these re- 
sults predict greater use of nitrogen as an austenite 
former in stainless steels of the future 

The development of these elevated temperature 
phase relationships in 0.10 pet C low nickel oi 
nickel-free stainless 
various compositions (chromium, nickel, manganese, 
and nitrogen contents) which will be completely 
austenitic at hot working temperatures. Of course, 
many physical properties, tensile propertie 
weldability, formability, and corrosion and oxida- 
tion resistance of such new steel 
prior to their commercial adoption 
velopment of these new steel 


steels permits the selection of 


such a 


must be evaluated 
Successful de- 
itates the close 
cooperation of the steel-producing, fabricating, and 
consuming industrie 


nece 
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Fig 9-—Structural diagram for 1.00 pct Ni-025 to 045 pct N 
steels after heating for | hr at 2100°F and water quenching 
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Fig. 11—Structural diagram for 100 pct Ni 025 to 0.45 pet 
N steels after heating for | hr at 2300°F and water quench 
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Fig. 13—Structural diagram for 0.00 pct Ni-025 to 0.45 pct 
N steels after heating for | hr at 2200°F and water quench 
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Fig. 10—Structural diagram for 1.00 pct Ni-0.25 to 0.45 pct 
N steels after heating for | hr at 2200°F and water quench 
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Fig. 12—Structural diagram for 0.00 pct Ni-0.25 to 0.45 pet 
N steels after heating for | hr at 2100°F and water quench 
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Fig. 14—Structural diagram for 0.00 pct Ni-0.25 to 0.45 pct 
N steels after heating for | hr at 2300°F and water quench 
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Summary 


This elevated temperature (2100° to 2300°F) 
constitutional study of the Cr-Ni-Mn-N system ove! 
the composition ranges 15 to 21 pet Cr, 0 to 3 pet Ni, 
12 to 18 pet Mn, and 0.25 to 0.45 pet N has shown 
that: 

1) Increasing amounts of nitrogen and nickel con- 
tribute strongly to austenite formation, while chro 
mium strongly promotes and manganese weakly 
promotes 6 ferrite formation 

2) One half pet Cr in excess of the limit of aus 
tenite stability at 2300 F will produce approximate 
ly 3 pet of the 4 ferrite 

3) Increasing the nitrogen content by approxi 
mately 0.05 pet is as effective as an increase of 1 pet 
Ni content in enhancing austenite formation at 
2300°F. Either addition permits an increase in 
chromium content of approximately 0.60 pet without 
decrease in austenite stability 

4) Increasing amounts of both chromium and 
manganese are effective in enhancing the solid solu- 
bility of these steels for nitrogen. Since manganese 
mildly decreases austenite stability, the principle 
advantage of higher manganese content is its bene- 
ficial influence on nitrogen solubility 

5) The effect of temperature in the range from 
2100° to 2300 F is to shift the austenite-austenite 
plus 6 ferrite phase boundary to lower chromium 
contents, Le., a 0.25 pet lower chromium content for 
each 100 F increase in temperature 

6) A nickel-free stainless steel containing 0.10 
pet C, 17.50 pet Cr, 14.50 pet Mn, and 0.40 pet N 1 
completely austenitic at hot working temperature 
as high as 2300°F. 


550 % 2500F 


TENITE + FERRITE 
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Fig. 15—Effect of nitrogen, nickel, and chromium upon the 
austenite stability of 15.50 pct Mn steels heated tor 60 min 
at 2300°F and water quenched 
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Electrical Resistivities and Phase Transformations Of 


Lanthanum, Cerium, Praseodymium, and Neodymium 


The electrical resistivities of high purity lanthanum, cerium, praseodymium, and neo 
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ature to near the melting points of the metals. Transformation temperatures were observed 
in these metals which were confirmed by supplementary X-ray diffraction studies. 
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confusion exists in the litera- 
ture concerning the phase transformations ex 
hibited by the 
lanthanum 

neodymium To obtain 


lighter rare earth metal namely 
praseodymium, and 


further information 


cerium, 
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Fig. |—Electrical 
resistivity of 
lanthanum 


Fig. 2—Electrical 
resistivity of cersum 


concerning these phenomena the electrical resi 

tivities of the above-mentioned metals of high pu 
rity were investigated as a function of temperature 
Whereas earlier resistivity work * was limited to 
maximum temperatures of about 750°C, thi tudy 
wis carried out to temperatures very close to the 


melting points of the respective element 


Experimental 


The metals were prepared 
reported ear 
diam Ta 


Sample Preparation 
in the Ames Laboratory by method 
After casting the metal ino 4y4-in 
crucibles and subsequently machining off the tan 
talum, the samples were reduced in size by repeated 
rolling and swaging. The 
cally annealed in vacuo at about 300°C and cleaned 
with a 5 pet HNO, 
The final approximate dimensions of 


were 5 in. in length and 1/16 in. in 


were period! 


olution before and after each 
ize reduction 
the sample 
liam 
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Fig. 3—Electrical 
resistivity of 
praseodymium 


Fig. 4—Electrical 
resistivity of 
neodymium 


Method—The de potentiometric method was used 
for determining the electrical resistance values at 
various temperatures. A constant current source 
furnishing 100 +0.01 ma was employed in addition 
to & precision potentiometer, galvanometer, and 
tandard 1-ohm resistance. The samples were placed 
in a high vacuum system in which a pressure of 
not greater than 2 x 10° mm Hg was maintained 
and were heated in a 30-in. long Kanthal-wound re- 
istance furnace which kept the entire specimen at 
a uniform temperature. Heating and cooling rates 
of approximately 2°C per min were employed ex- 
cept in regions where anomalous behavior was su 
pected. In these ranges the rates were decreased to 
about 0.5°C per min. The samples were cycled at 
least two times to induce homogeneity and remove 
the strains incurred on fabrication. All electrical 
connections to the rare earth metals were made with 
tantalum to avoid contamination. A_ calibrated 
Chromel-Alumel thermocouple was used to deter- 
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mine the temperature, which ranged from room 
temperature to within 20° to 100°C below the melt- 
ing points of the metals studied. The distance, L, 
between potential probes was measured with a Gen- 
eral Electric vernier scale illuminator, and a metric 
micrometer was used to obtain the radius, r, of the 
specimen. Knowing the value of the resistance, R, 


Table |. Electrical Resistivities and Phase Transformation 
Temperatures of Lanthanum, Cerium, Praseodymium, and 
Neodymium 


Transfor 
mation 
Temper- 
ature, 


Kesistivity 
« 
Ohm-Cm 


Flement Purity, Pet 


99 8 120 to 340 
864 

999 730 

792 

oo 8 862 


from the emf measurements, the resistivity, p, was 


calculated from the relationship p i An 


error of no greater than 1 pct was estimated fo: 
any one resistivity value. After examination the 
X-ray diffraction pattern of each metal was ob- 
tained with a Norelco diffractometer unit. Each 
pecimen was also spectrographically analyzed for 
other rare earths and common impurities. 


Results and Discussion 
Due to strains incurred on fabrication of the metal 
rods the electrical resistivities during the initial 
heating trial were appreciably greater than those 


Table ||. Lattice Constants for Lanthamum, Cerium, Praseodymium, 
and Neodymium 


lattice Constants, 


Metal Structure 


Hexagonal 
Face-centered-cubt« 
Face-centered-cubic 
Hexagonal 
Hexagonal 


temperature 


obtained on cooling and subsequent cycling. Repro- 
ducibility was achieved in the second thermal cycle 
and it is those values that are graphically illustrated 
in Figs. 1 to 4. As can be observed, cerium, praseo- 
dymium, and neodymium were found to exhibit 
only one phase transformation, whereas lanthanum 
howed two such phenomena. The discrepancy be- 
tween the heating and cooling curves of cerium in 
Fig. 2 are due to temperature fluctuations during 
the cooling measurements. A subsequent recycle 
through the region from temperature to 
600 C gave the same results on heating and cooling 
as is shown on the heating curve of Fig. 2. The val- 
ues of the electrical resistivities of the metals at 


room 
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25 C, their purities, and their transformation tem 
peratures are given in Table I. It is interesting to 
note that many of the values cited in the literature 
for the melting points of these elements are very 
close to the tabulated high temperature phase tran- 
sitions 

Lanthanum, praseodymium, and neodymium were 
found to have a room temperature structure that 
was hexagonal, with stacking sequences along the c 
axis Of ABAC,” as has been found previously for 
neodymium by Ellinger” and Behrendt This ts 
essentially a close-packed structure with a c/a ratio 
twice as large as that previously reported for lan- 
thanum and praseodymium. Cerium was found to be 
entirely face-centered-cubic with a lattice constant 
in agreement with previous values in literature. A 
detailed account of crystallographic studies of the 
rare earth metals may be found in another pape 
from this laboratory The lattice constants for 
lanthanum, cerium, praseodymium, and neodymium 
are given in Table II 

High temperature crystallographic studies still in 
progress have shown the intermediate phase of lan- 
thanum to be face-centered-cubie with a_ lattice 
parameter of a 531A. Cerium, praseodymium, 
and neodymium retain thet temperature 
structures up to their respective high temperature 
transitions. The high temperature forms of these 
metals that exist up to their melting points have not 
been identified, but from the very large resistivity 
anomalies exhibited at the high temperature tran: 
formations, these are expected to differ significantly 
from the low temperature modifications 


room 
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Temperature Dependence of the Hardness Of 


Secondary Phases Common in Turbine Bucket Alloys 


Representative examples of the most common types of secondary phases in turbine 
bucket alloys have been synthesized in bulk and their hardness measured from room 
temperature to 800°C. It is concluded that high hot hardness of the dispersed phase is 
an important factor in the high temperature strength of alloys but that other (as yet not 


explicitly identified) factors are also significant. 


by J. H. Westbrook 


of high trinsic or relative to the matrix phase) which are 


vel recent! the development 
temperature alloys has been strictly empirical. It basically responsible for the improvement. Con- 
ua great tribute to the intuition, persever ceivable mechanisms which might apply include dis- 
ts of persion hardening and precipitation hardening. In 
particle size, disper- 
and agglomeration re- 


in 
mee, and industry of the 


and abroad that the amazing increases in 
past 15 ion, volume fraction, etc 


practicing metallurg) 
this counts both cases geometrical factor 
i turbine ervice temperature ovet the 


ears have been achieved with so little fundamental 
The result of this development has been 
tion of suecessful but highly complex al 


five x, or more alloving element 


the realiza 
ley in 
omplex microstructure 


and correspondingly 
effort ha 


Within the last few eal considerable 
been devoted to the identification of the econdar' Fig Temperature 
and to the correlation of the dependence of the 

uch phases with alloy prop hardness of some 
been given the secondary phases 
common in turbine 
bucket alloys. Arrow 
indicates O6 T 


‘ inn alloy 
resenee or absence of 


ert Little attention, however, ha 
the mechanism(s) by 


roblem of identification of 
opertie of the 


vhict uch phase enhance the pi 
to the asse ment of the parti 


the secondary phase (either in 


) H WESTBROOK, Junwr Member AIME, ts associated with 
General Electric Co, Schenectady 
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Fig. 2—Temperature 
dependence of the 
hardness of some 
secondary phases 
common in turbine 
bucket alloys. Arrow 
indicates 06 T,, 


sistance are recognized to be of major importance, 
yet properties of the secondary phases must also 
play a role whose significance cannot presently be 
evaluated. These include 
high strength of the dispersed phase at the service 
temperature and, for the precipitation systems, high 
matrix lattice strain without loss of coherency. Data 
are not available, however, to assess the importance 
of high temperature strength of the dispersed phase 
to the high temperature performance of the whole 


properties presumably 


alloy 

In order to fill this gap in our knowledge, it wa 
decided to measure the temperature dependence of 
hardness of a large group of secondary phases in 
turbine bucket alloys up to and including the pre 
ent service temperature. Then, according to the 
general hardness level and spectral distribution of 
hardness values, it might be decided if hardness of 
econdary phases at temperature is a primary, con 
tributing, or inconsequential factor to the high tem 
For example, finding 
of the secondary 


perature strength of an alloy 
that the high temperature hardne 
phases was uniformly high relative to that of the 
matrix would be 
jor factor in the high temperature 
On the other hand, a wide 
among the 


trong evidence that this is a ma- 
trength of the 
alloy pectrum of high 


temperature hardne econdary 


value 


phases would indicate that this property is only a 
contributing or even inconsequential factor 
ing to whether the range of hardness values wa 
found to fall substantially above or approximately 


panning the matrix hardne level 


uct ord 


Availability of high temperature hardness data on 
such compounds would also be of aid to those de- 
veloping new cermet type compositions embodying 
large volume fractions of compounds of this type 
The important secondary phases which have been 
identified in some of the prominent high tempera 
ture alloys are summarized in Table I. Composition 
and properties of most of these alloys have recently 
been tabulated by Krivobok and Skinner.” The most 
can be divided into 
than three or 


ification and the 


frequently encountered phase 
three groups and number no more 
four types in each group. This cla 
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specific compounds selected for study are shown in 
Table II 

Of the compounds listed in Table II, the cubic 
monocarbides and carbonitrides were eliminated 
from consideration in the present program since a 
detailed study of all of the cubic monocarbides is 
being made separately. Many variations are possible 
for each of the other compounds listed which were 
not considered in the present investigation for rea- 
sons of simplicity. These variations include both 
imple and high order isomorphs as well as complex 
Choice was made instead 


solid solution compounds 
of representative prototypes of each structure. In 
addition, specimens were obtained of two actual 


high temperature alloys, S-816 and Jetalloy 1650, 


for purposes of hardness level comparison.* 


* The author ts indebted to T. A. Prater for these samples 


Experiment 


Approximately 100) 


Preparation of Samples 
were prepared by 


amples of the selected phase: 
melting in the manner described 
in a previou Following this, all samples 
were given a homogenization anneal of 8 hr about 
i00 C below the respective melting points or tem- 
peratures at which the first liquid phase formed 
Phases known to form by solid state reaction were 
given additional long time equilibration anneals im- 
mediately below their formation temperature, Con- 
siderable difficulty was experienced many 
in achieving single phase materials satisfac- 


cold crucible are 
papel 


tances 
torily even though composition control in the melt- 
ing process was excellent, as indicated by chemical 
analysis. The root of the problem apparently les in 
the extremely narrow composition range for many 
and from uncertainties in the published 
These difficulties were surmounted 
in most cases either by making up several alloy 
bracketing the nominal composition of the phase 
under consideration or by remelting a single heat 
with very small additions of the components a 
guided by metallographic Special 
problems and observations arising from the prepara 
are discussed below in refer 
ence to the individual cases. Positive identification 
was made for every sample by X-ray diffraction pat 
terns. It might incidentally be pointed out that, in 
ofar as the author is aware, this is the first time 
that many of the phases considered have been syn 
thesized in bulk. The availability of these 
mens will now permit measurement of other prop 


compound 
phase diagram 


examination 


tion of specific phase 


speci 


44 


Fig. 3—Temperature 
dependence of the 
hardness of some 
secondary phases 
common in turbine 
bucket alloys Arrow 
indicates 06 T..., 
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‘ 4 
Fig. 4--Micrograph of «Fe Mo., second phase iron. Etched 
with acetic plus mitric acids. X500. Reduced approximately 
5 pet for reproduction 
erties of interest, outside the scope of the present 
pauper 
Hardness Testing 
made on all 


Indentation hardt.ess measure- 
ment with a Vicker 
pyramidal indenter and a 200 g load on a micro hot 
hardne tester of modified Bergh design The test 
ing procedure was identical to that previously em 
xcept that the indenter material was varied 
high temperature 


were ample 


ployed” « 
according to the hardne and 
reactivity of the compound being tested The in 
apphire, 


denter materials used included diamond, 


boron carbide, and titanium diboride 

Hardne 
twice on each 
hardening effects had been eliminated.” The re 
duced data were finally plotted for convenience on 


least 
urface work 


temperature curves were run at 


ample to ensure that 


semilogarithmic seale.” 


Results and Discussion 

The principal experimental result 
in the curves of Figs. | to 3 and may be compared 
with the behavior of typical high temperature al 
loys shown in Fig. 3 
the phase 
Comparison of the properts 
facilitated by the bar graphs of Fig. 7 
the relative properties at room temperature and at 
400°C, approximately the present 


are presented 


Representative micrographs of 
depicted in Figs. 4 to 6 
of the compounds i 
which show 


prepared are 


ervice tempera- 
ture’ A number of general observations may be 
made, viz 

1) At 
hardne levels is found 

2) Except for NiAl all compound 
harder at room temperature than the 
typical high temperature alloy 

$) At 800°C the total spread in hardne 
group 


room temperature, a wide spectrum of 
tudied are 


ipnificantly 


value 
reduced considerably but di 
till exist between in 


among the 
tinet differences in hardne 
dividual phase 

1) All compound ignificantly harder 
at 800°C than the typical high temperature alloy 

») The widely in their ability 
to retain their low hardne at high 
either absolute or homologous. How- 
from such 


tudied are 


compounds vary 
temperature 
temperature 
reversal 


triking emerge 


The outstanding ability of some com 


evel 
comparison 
pounds of only moderate melting point to retain a 
hich fraction of their low temperature hardness at 


Ni,Al and Co.Ti, 


ource of the re 


hich homolovou 
ue further inquiry into the 


temperature 
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istance of their bonding to thermal forces. On the 
hand, the high hardness at 800°C of com- 


‘ 


other 
pounds such as the chromium carbides appear 
be a direct reflection of their melting point and does 
not seem to imply unusual temperature dependence 


of bond strength 

6) These results constitute some of the highest 
values at high temperatures yet reported 
A comparison of some of the harder compounds 


hardne 


Table |. Common Microconstituents in High Temperature Alloys 


Principal’ Identified 
Alloy Microconstituents 


NivTi 
Si 


CrMoN; 


G- 16K 


Ti (MgezZr 


t 


wee 


rat 

wie M4 
NoN 

N 1, M.A 

N 
M.Ti, Ti 


+= 


NiLAl 


NieTi, MeC, Fe-Mo 
Cra M.C, Mod 
NbiC, Ni, Fe W 


ota ‘ pound listed have been found by ever 
nm for the ime conditions of heat treatment 


tudied in this investigation with those reported for 
other hot-hard materials is given in Table III 

Detailed discussion of the experimental results on 
particular phases follow 

Chromium Carbides, Cr C, and Cr.C 
chromium carbides were chosen as prototypes of the 
MC, and M,C, type carbides, frequently found in 
high temperature alloy The third chromium car- 
bide, Cr,C,, while important as a new base compo- 
ition for cutting tools, is not ordinarily found as a 
constituent of high temperature alloys. No partic- 
ular difficulties were encountered in preparing these 
compounds by are melting. There appears to be ht- 
tle to choose between these two carbides on the 
basis of their 800°C hardness as shown in Fig. 1 
While Cr.C, has the higher melting point and pos- 
ibly more complex crystal structure, its hardness 
appears to be decreasing more rapidly at high tem- 
peratures than does that for Cr,C,. Lane and Grant 
have presented evidence that during the aging of 


These two 
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d 
A 4} 4 Le 
Refer 
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Fig. 5—Micrograph of Ni,Ti; oxide inclusions present 
Etched with HF plus HNO, plus water X500. Reduced ap 
proximately 15 pct for reproduction 


certain high temperature alloys primary Cr,.C, de- 
composes to Cr.C, and free carbon, which in turn 
reacts with matrix to form more Cr,C,. In view of 
the present observation that Cr.C, is not signifi- 
cantly harder than Cr.C, at the service temperature, 
the improved high temperature properties observed 
in alloys in which this aging reaction occurs must 
be attributed instead to changes in the amount 
and/or size distribution of the carbides. There } 
no apparent explanation for the lack of agreement 
between the room temperature hardness values for 
the chromium carbides and those reported in the 
literature as shown in Table IV 

Laves Phases, Fe Ti and Co Ti 
are three types of AB, Laves phase 


Structurally there 
distinguished 


by the stacking arrangements of tetrahedra of A 
atoms and designated as the MgZn., MyeNu, and 


MgCu, types. Only the MgZn, and MgCu, types are 
represented among the secondary phases in high 
temperature alloys although it has been claimed that 
the MgNi, type exists as a polymorph in Co.Ti and 
certain others. Recent evidence indicates that these 
last results were probably occasioned by the pres- 
ence of impurities.“ Fig. 1 indicates that there ap- 
pears to be little difference in the hardness-tempera- 
ture behavior of the two compounds tested. Co,Ti 
(MgCu, type) is slightly harder at room tempera- 
ture than Fe.Ti (MgZn, type) but the reverse 1 
true at 800°C. Although these differences are rela- 
tively small it would be interesting to know if these 
result from the difference in stacking arrangement 
or from the substitution of iron for cobalt atoms in 
tructure. As may be 
are outstanding 


an approximately equivalent 
noted from Fig. 1, both compound 
in their ability to retain hardness at high homo- 
logous temperatures. The room temperature hard- 
ness measured for Fe.Ti agrees satisfactorily with 
the value (637 kg per sq mm) found by Arbiter 
A.B Compounds, NiAl and NiTi-- These two 
compounds may, in fact, be more closely related 
than would appear from a superficial consideration 
of their crystal structures. Nickel forms the cubic 
Cu,Au structure not only with aluminum and silicon 
but also with several of the other transition metal 
from its own period in the periodic table. Yet when 
one progresses far to the left, the structure be 
comes first tetragonal with vanadium and then hex- 
agonal with titanium. In addition, when both titani- 
um and aluminum are present in nickel base alloy 
these two structures are usually competitive. It will 
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Fig. 6—Micrograph of 1) Fe Mo.C, heat tinted after mechani 
cal polish. Second phase present, 1 Fe,Mo.C. X500. Reduced 
approximately 15 pct for reproduction 


be observed from Fig. 1 that the hardness behavior 
of these two compounds differs radically. Ni,Ti, al 
though almost three times as hard as Ni,Al at room 
temperature, becomes about equal to Ni,Al at 800°C 
Its hardness-temperature curve has a definite slope 
right from room temperature. On the other hand, 
curve for Ni,Al shows an anomalous 
with increasing temperature, 


the hardnes 
increase in hardness 
reaching a maximum at about 500°C. This surpri 

ing result was carefully checked and found to be 
completely reproducible, Although several possible 
ources of this anomaly were investigated no un 
equivocal explanation could be established. Further 
tudy is indicated. The conclusion of Hignett" and 
Nordheim and Grant” that Ni,Al is the preferred 
precipitate in the case of Ni-Al-Ti alloys is sup 
ported by the present results. Guard and Prater,” 
however, have developed an outstanding high cobalt 
austenitic alloy strengthened by precipitation of 


Table 11 Compounds Selected for Study 


Melting 
Point, 


Compound 


Group Selected 


Carbide 


NiTi. The improved performance may result either 
from strengthening of the compound by solid solu 
tion alloying with cobalt or from the effects of cobalt 
on some matrix-precipitate relationship. It is also 
of interest to note that Ni,Ti has recently 
found to be a potent hardener for zine base alloy 
The « Phases, FeCr and CoCr——A highly complex 
entially the same as that 


been 


tetragonal structure, 


for #-uranium, is perhaps the most common inter- 
among the transition metal 
The rules for its formation 
poorly originally 
tudy only o-FeCr, but when difficulty 


metalhe type aside 


from the Laves phase 
are as yet understood. It was 


planned to 
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Fig 7--Comparison of the room temperature and 800°C 
hardness values for representative secondary phases and a 
typical high temperature alloy 


Wal CR renee ad in obtaining a ingle pha ‘ pec 
men (the 
proximately the critical temperature) o-CoCr wa 


reaction is quite sluggish at 800 C, ap 


added to the group of compounds under study The 
w-CoCr forms at relatively high temperatures and 
experienced in obtaining sati 

Ultimately, a 
phase by a treatment of 


no difficult W it 
factory 
was also obtained single 
200 hr at 750°C 
In the course of preparation of a y phase 
from the Fe-Cr-Mo system (see below) a satisfac 
tor ingle phase was achieved. It wa 
to learn from the X-ray pattern that the sample 

» rather than y, since the findings of MeMullin 
et al” and of Goldschmidt” indicate y to be stable 
least 800 to 
composition with 


pecimen pecimen of 


following 15 pet cold deformation 


pecimen 


urprising 


over a range of 
© tability of in thi 
high annealing temperature (~1400°C) was verified 


temperature at 


run made in the # condition. See 


2, the 


and a hot-hardne 
further discussion below. A 
threes 


hown in Fig 
ow phases have essentially the same room tem 
haradne but vary considerably then 


The 


erature 


hardmne often 


high temperature 
rapidly in the 600° to 800°C range, due, no 
doubt, to the close approach to it 
ture The o-CoCt 
and the complex «-FeCrMo very 


quite 
critical tempera 
omewhat more lowly 
much le Thi 


due to a further ordering of 


often 


latter result may be 
atoms among the five types of crystallographic pos 
Hardne data for the vari 


value 


thons in the structure 


ous o phases are compared with literature 
in Table IV 

The , Phase, Fe Cr, Mo 
intermetallic phase with the o-manganese 
was first reported by Andrew * and 
MeMullin et al as an equilibrium 

Accord 
verified by 


The existence of a new 
tructure 
ubsequently 
prepared by 
ingle phase alloy in the Fe-Cr-Mo systen 
ing to the findings of MeMullin et al 
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the ideal composition 
written a 


the structure study of Kasper, 
for y» phase in thi ystem may be 
Fe,Cr,Mo,.. As indicated previously, thi 
ition as first prepared by a homogenization anneal 
at 1400°C was found to have the o structure. How- 
ever, a subsequent anneal of 200 hr at 815 C 
verted thi 

This result provides an interesting sidelight on the 
Fe-Cr-Mo phase equilibria and may reveal a hither- 
truc- 


compo- 


con- 


ample wholly to y 


to unsuspected relation between the o» and y 
ture In the Fe-Mo binary, o is stable only above 
1180°C: and in the Fe-Cr system, only below 815°C 
vet » is apparently the stable phase at about 1400°C 
near the midpoint of the quasibinary; and y in the 
800° to 1000 °C range. The y must therefore intrude 
itself into the phase space of a, perhaps as shown in 
Fig. 8, an adaptation of a figure by Bickle.” Thi 
result ha with respect to 
the relative tructures, as well 
us with respect to the ordering of atom 


interesting implication 
tability of and 
ina pha 
The temperature dependence of hardness of y- 
FeCrMo is compared in Fig. 2 with that for the same 
composition with the » structure. The room tem- 
tructures is about 1000 


ignificantly harder 


perature hardne of both 
q mm, but the # form | 
oftening more 
There was no 


ky pet 
at 800°C and appears to be 
with temperature than the y form 
indication of transformation from one form to an- 
other during the course of the hardness test The 
hardness data for y phase are compared with litera- 
ture values in Table IV, together with data for o 
phase of comparable composition 

MC Carbides, Fe MoC and FeMoC The MOC 


ignificant 


low ly 


carbides have long been recognized a 
not only in high temperature alloys but also 
peed steel Re- 
tructure 1 


phase 
in cemented carbides and high 
cently it has become apparent that the 


Table 111. Comparison of 800°C Hardness of Various Hot Hard 
Materials 


Hardness 


Ke per Sq Mm Keference No 


Material 


technique with a 
high relative to tr 
from Rockwell A 


more general, and includes analogous suboxides and 
nitric M.O and Two 
are now distinguished and have been designated by 
Kislyakova™ as y, and »,. The », type has the ideal 
composition M,M.’C and may extend over a compo 
broad enough to include M,M,/C. On 


confined to an extremely nar- 


fructural variation 


ition range 
the other hand, », is 
row range about M.M,‘C. The », and », phases in the 
Fe-Mo-C system have been identified respectively 
by Westgren and Phragmen” as a 11.08A and by 
Kuo” as 4a 11.26A. The preparation of single 
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t flerence ma socount in part for the difference in hard 


other 


not w at carbide 


of these two phases proved to be 
the most arduous portion of this investigation. Thi 
difficulty ults from the narrow composition 
the poorly defined equilibria in thi 
and the fact that 


phase specimen 
re: 
region 
both 


range 
of the Fe-Mo-C system,” 


’ 
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resulted in a partial elucidation of thi 


diagran 


study” has 
briun 


Ar 


portion 


suxiliar 
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equil 


high temperature peritectic 
a truly single phase 


form by 
In neither 


carbide very 


case Wa 
However, coal 


were finally produced 


reactions u 


specimen achieved e grained speci- 


mens predominantly », or 
which were adequate to permit determination of the 
characteristic. The » 
in the group 


microhardness-temperature 
carbides were among the hardest phase 
when tested at room temperature, but intermediate 
with respect to retention of their hardness at 800°C 
The room temperature data obtained on these car- 
bides may be crudely compared with values found 
in the literature other M,C 
Table IV 

The « Phase, Fe Mo 
known p» phase, is common particularly among 
the combinations of iron group elements with those 
of Group VI. The rhombohedral « structure 
similar to o phase, 


for type carbid in 
type of compound, also 


ome 
to 
the 


pecially with respect 


Fe Mo 


what 
the coordination of 
hardest of the compounds tested both at room tem 
perature and at 800°C. Since marked effects of 
olid solution alloying in compounds have been ob 
‘served (previously in NiAl and related compound 
and now in o phase) it would be interesting to ex 
plore this possibility in Fe.Mo,, which can be highly 
alloyed in certain ternary system 
Reiter and Hibbard” studied the high temperature 
properties of iron rich alloys hardened by disper- 
of Fe.Mo,, and found a correlation between the 
increase in the 1200°F rupture trength 
the volume fraction of dispersed phase, in 
with the prediction of Fisher, Hart, and 
theory and Hibbard 
xtrapolation 
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atoms as among 


ion 
ol creep 
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plot to 1.0 volume fraction, Le., pure 
Fe Mo,. This would apparently indicate 1200 F 
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Shear Along Grain Boundaries In 


Aluminum Bicrystals 


Aluminum bicrystals 99.99 pct pure having a pure tilt boundary about the - 110 
axis were subjected to creep stresses along their boundary at various temperatures. The 
initial rate of grain boundary gliding was found to be almost linear and a plot of the 
logarithm of the initial rate for various stresses vs the reciprocal of the absolute tem 
perature resulted in a series of parallel straight lines. The usual rate equation was used 
to calculate the activation energy for grain boundary shear. It was found to increase 
continuously as the boundary angle increased, and approached a maximum value for the 
maximum angle of misorientation. The mechanism for grain boundary shear is considered 
to be a combination process involving slip and grain boundary self-diffusion. 


by S. K. Tung and R. Maddin 


* UCCESS of the dislocation theory in formulating 

the transitional lattice theory proposed by Har- 
vreaves and Hill in 1929 is well established for low 
angle grain boundaries. The theoretical work of 
3urgers’ and Read and Shockley,’ together with the 
experimental observations of Aust and Chalmers* 
and Parker and colleagues, leaves little doubt as to 
the structure of grain boundaries with differences of 
orientations up to between 15° and 20°. Beyond 
the structure of the boundary is not so 
clear, and | till a matter for conjecture 

There have been notable 
from which the data could be used to calculate en- 


these angle 


experiments devised 
for possible arrangements of atoms in form 
ing a large angle boundary Most of these experi- 
ments deal with diffusion through and along the 
grain boundary 

The recent work of Rhines and Cochart’ and 
Rhine Bond, and Kissel’ was concerned with the 


ergetics 


5. K. TUNG, Student Member AIME, and R. MADDIN, Member 
AIME, are Graduate Student and Professor of Metallurgy, respec 
tively, School of Metallurgical Engineering, University of Pennsyl 
vania, Philadelphia 

TP 4478E Manuscript, July 26, 1956. New Orleans Meeting, 
February 1957 


TRANSACTIONS AIME 


in aluminum bicrystals 
with their boundaries 
The ghding along 
eyche and began after an 


relative movement of grain 
under constant tensile load 
aligned at 45° to the tension axis 
the grain boundary wa 
incubation period. The velocity of gliding increased 
with the sum of the angular difference, 0, between 
the operative slip direction in the conjugate crystals 
and the angular difference between the active slip 
measured between their traces upon the 
grain boundary. The initial gliding rate varied with 
temperature, and the logarithm of the average glid- 
ing taken over a considerable period was a linear 


planes a 


function of the reciprocal of the absolute tempera- 
ture: the slope gave an activation energy of 11,000 
* 1,000 cal per mole 

Since the rate of grain boundary shear is sensitive 
to the misorientation of the grains themselves, as 
hown by several workers, ° it is suggested that fur- 
ther work of this type might be fruitful in adding 
information regarding the behavior of boundaries 
The techniques devised by Chalmet 
added impetus to the facility for observing grain 
boundary behavior, in that they provided a 
means for producing bicrystals of predetermined 
orientation so that the angle of the boundary could 


under stre 


imple 


be controlled 
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Grain Boundary 


Fig |--a) LEFT misorientation angle relationship between two single crystals, and b) RIGHT: orientation relationship of alumi 


num bicrystals 


) iInvestivation was undertaken in order 
to determi the acti 


vation energy for grain bound 


ial hiews u function of the grain boundary angle 
If the stresses necessary to activate grain boundary 
vhding are known as a function of both the angle 
likely that a plot 


grain boundary 


of misfit and the temperature, iti 
of activation energy for hear Vv 
mvle may add information about the structure of 
the boundary as it changes from a pure dislocation 
boundat trueture. This plot 
could also shed some light on the 


which play an important 


to one ome other 
mechanism of 
rain) boundary heat 


role during creep 


Growth of Aluminum Bicrystals 
The material chosen for the investigation wa 
aluminum sinee it can be obtained with fairly high 
omewhat the 


relatively large amounts of tmpuritie 


influence of 
which alway‘ 
Also, alu 


ceeded relatively easily to produce 


purit This eliminate 
exist, particularly in the grain boundary 
minum can be 
the desired boundary angle 

Single evystals of aluminum obtained previously 
vere used a eed crystals to grow a master seed 
having a orientation located at a 
110. direction. The single erystal seeds were ro 


pecimen 


tated to obtain various bierystal master seeds from 


vhich the final specimens were obtained, Fig. la and 


Sight Thru Microscope 


FURNACE 


Wedge Block 


Moving Piece 


~Force 


Furnace Wal! 


Specimen Stationary Piece 
Fig 2—Schematic drawing of shearing equipment 
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lb. The Laue back reflection X-ray technique wa 
employed to check the crystal orientation of the 
and those of the final speci- 


master seed bicrystal 


men 
Experimental Procedure 

Specimen Surface Preparation —Each 

ection approximately 12.5 x 5 mm. The 
were annealed 8 hr at 620°C in order to 
relieve any strains. Laue X-ray back reflection pat- 
terns were made at this time to determine the actual 
orientation difference, since a slight variation from 
the preset orrentation might have resulted. This wa 
o because of the inherent slight error of positioning 


pecimen 
had a cro 


pecimen 


the seed crystal 

The specimens, imbedded in paraffin in a wooden 
trough, were cut with the aid of a jeweler’s saw into 
a series of samples 12.5 x 5 x 10 mm. They were 
next heavily etched with aqua regia for 2 min and 
chemically polished for 20 to 30 min using Alcoa 
R-5 bright dip solution 

Using a razor blade, a light scratch was made 
perpendicular to the grain boundary approximately 
in the center of each specimen. The dimensions of 
the pecimen were again measured so that the 
boundary area could be computed precisely 

Shear Apparatus shearing 
hown schematically in Fig. 2. The shear stre 
acting along the grain boundary, is produced by a 
uspended dead weight, which presses on a wedge 
block through a lever mechanism. A block moved 


apparatu 


producing a shear force acting on 
hear stre 


horizontally, thu 
the specimen. Consequently, a constant 
was available. All energy losses due to friction at 
contact surfaces were determined experimentally 
and compensated for in the applied stre 

The furnace was constructed by using a length of 
Nichrome wire wound around transite board, the 
overall dimensions of which were 7.6 x 15.9 x 7.6 


A 


made of 


stationary piece along with a moving piece 

tainle teel having the shape shown in 
hig. 2 were placed above a stainle teel floor and 
et above the furnace. For operation, the specimen 
was held by the which was fixed 


to the floor, and the moving piece was controlled by 


tationury piece 


a mechanism as described above 

The temperature was controlled by a Chromel- 
Alumel thermocouple operating through a Wheelco 
controller, with the couple held on the stainle teel 
floor of the furnace against the specimen 
It is considered that temperature measurement 
+8°C. (There was a large heat lo 


ceiling window.) The max- 


wus accurate to 


through a special glass 
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| 
\ \\ \ 
| 
| | Lever 
| 


Fig. 3—a) LEFT: macroscopically homogeneous shear, and b) RIGHT: two stage shearing and boundary migration. Grain boundary 
is horizontol. X200. Reduced approximately 10 pct for reproduction 


imum operating temperature of the furnace was 
600 C. 
Displacement of the fiducial scratch was measured Fig. 4—Three types 
by a normal bench-type microscope using a cali- of grain boundary 
brated eyepiece and a reflecting objective. The total displacement vs 
arrangement operated as a simple hot-stage micro- time curves. Curve 
scope yielding a magnification of X80. The low A: Specimen No 33; Bias 
magnification was due partly to the long working pri 550°C; 
distance maintained between the specimen and ob- stress, 45.9 per sq 
on mm, and boundary 
jective. The addition of an air cooling device pet bs 
' angle, 20°. Curve B 
mitted the use of the objective at the maximum Specimen No. %; 
temperature desired temperature, 450°C; 
stres’ «5g per sq 
Experimental Results mm, and boundary 
angle, 85° Curve C 
Specimen No. 37; 


The relative displacement of the grain boundary 
was observed in more than 100 specimens tested at temperature, 900°C; 
different shear stresses and temperature In gen- 

stress, 45 g per sq 
eral, the two grains separated cleanly along the mm; end boundery 
boundary during the early state of creep. Fig. 3a angle, 55° 
illustrates a typical displacement observed during 
the macroscopically uniform displacement period 
In many cases, there was ample evidence of bound- 
ary migration during the later shearing period, par- 
ticularly at higher temperature and under highe 
applied stresses. In almost all of these cases, an ini- 
tial macroscopically uniform displacement was ob- 
erved, A two-stage nonuniform shear was observed 
during which the boundary migrated irregularly in 
a direction perpendicular to the original boundary 
trace. This was accompanied by a shearing displace- 


ment occurring at the new boundary region during 
Fig. 5—Log of creep 


the migration period cube te 

Fig. 3b shows a typical result of nonuniform dis- grain boundary mis 
placement. It is of interest to note that the fiducial orientation angle # 
mark, after the shearing period, was curved in the equal to 55°. Square 
vicinity of the grain boundary. Thi uggvests that represents stress 
displacement at the boundary was taking place con- equal to 75.5 g per 
sq mm; triangle, 
stress equal to 60 g 
per sq mm, open 
placements were generally the same at all point cae eee 


along the grain boundary Displacements were ond clesed cirele 
measured on a few specimens having three or more stress equal to 0g 
fiducial scratches to check the uniformity of the per sq mm 
displacement at the various points. In many case 

the boundary displacements were found to differ 

markedly from point to point. It appears likely that 

in these cases deformation of the crystals them- 


tinuously as the boundary advanced 
In the main, tests were carried out on specimen: 
having reasonably straight boundarie Initial dis- 
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. 
; 
. ie . 


Fig. 6 —Log of creep 
rate vs 1/T tor 


4 grain boundary mis 
onentation angle 
' equal to 20°. Tr 


angle represents 
stress equal to 60 g 
per sq mm, square, 
stress equal to 45g 
per sa mm, and 
circle, stress equal to 
30 g per sq mm 


hiding past one another, must 


these point In the case 


in addition to 
have occurred betwee 
where nonuniform displacement were observed 
the data were not used in calculating energie 

The pecimens with constant onmentation angle 
ubjected to different creep stre ‘ 
of 450 to 550 CC Three different 


displacement vs time curve 


differences Were 
at temperature 
type afl 


were obtained 


vrain boundats 


Curve A in Fig. 4 shows a behavior 


Table | Activation Energy tor Different Boundary Angles 


\verace 


Netivation Nectivation 


tal per Mel 


firientation 
Difference Strews 
lie grees 


Paergy. 


sq Mm tal per Mol 


‘ on 
‘ 
a7 
“ 
O20 
‘ 20.000 
20,10 
‘ 
‘ 
400 
‘ 


typical for the higher temperatures. There was an 
initially high linear rate of flow which was followed 
After a cer 


creep began again at a rate 


by a rate gradually decreasing to zero 


tain amount of 


which was in some case larger and in other case 
maller than the initial rate. The creep curve ex 
hibited a eyehe variation when observed over a 


Curve Bin Fig. 4 shows a creep curve 


long period 
typical of relatively low temperature In these 
cause an incubation period was often observed 
Hlowever, the existence of an incubation pe riod wa 


The yt 
Curve C in Fig. 4 show 


tronuly orientational-dependent curves 
were also eyelie in nature 


the third type of displacement vs time curve charac 


teristic of intermediate temperature As in the case 
of the curves at high temperature no incubation 
time was observed. There was always an initially 


linear rate of tlow The ucceeding hiding rate 


were also evel It 1 considered, however, that 
only two t yu of di placement time curve were 


present im that the third type could alway be 
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thought of as either the first or second type by as- 
uming that the initial displacement was either too 
mall or the incubation time too short to be observed 
Both cases were possible considering the uncertainty 
in the experimental measurements 

The creep curves obtained herein exhibited the 
ame characteristics obtained by Rhines, Bond, and 
Kissel’ and Chang and Grant All of the curves 
howed cyclic variation. Chang and Grant divided 
the cyclic curves into two periods, Le., an active 
boundary gliding period and a boundary migration 
period (rest portion of the curve) 

The present experimental work showed no evi- 
dence of boundary migration during the rest period 
On the contrary, the cyclic curve was evident even 
when no grain boundary migration occurred ove! 
the entire testing time. This is in agreement with 
the observations of Rhines, Bond, and Kissel 

The initial rate was alway elected as the rate 
observed immediately after a sudden shearing dis- 
placement or incubation time. In either case it Is 
interesting to note that this rate was almost always 
linear within a short period of time. When the 
logarithms of the initial rates for the various stresses 
were plotted against the reciprocal of the absolute 
temperatures, a series of parallel straight lines was 
obtained 

The resulting plots are shown in Figs. 5, 6, and 7 
for @ angles of 55°, 20°, and 85°, respectively. The 
theoretical treatment of boundary slip, as 
by Ke and Mott,” suggests that the rate of bound- 
ary slip could be determined by a rate-reaction 
uming a relation of the 


proposed 


equation. Consequently, as 
ty pe 


r Ae * 


where ris initial rate of grain boundary displace- 
ment, A is a constant which may be a function of 
tre and/or boundary angle, Q is the activation 
energy for grain boundary displacement, R is gas 
constant, and T is absolute temperature, the activa- 
tion energies, Q, for the different grain boundary 
angles, #, were obtained from the slopes of the 
curves. The results are shown in Table I 

The constant, A, in the rate equation was partly 
evaluated by plotting the logarithms of the rates v: 
1/T, and extrapolating to 1/T equal to zero 
The values of rate obtained by these extrap- 
were plotted in a number of ways in 
constant, A 


olation 


evaluate the rate 


an attempt = to 


Fig. 7—Log of creep 
rate vs 1/T for 
grain boundary mis 


orentation angle 
equal to 85°. Circle 
represents stress 


equal to 70 g per sq 


mm, triangle, stress 
equal to 50 g per sq ; 
mm, and square, 
stress equal to 459 
per sq mm 
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The present data were insufficient for analyzing the 
rate constant completely. Nevertheless, since the 
plot of In A against 1/o was nearly linear with a 
negative slope, it may be suggested that the rate 
constant is of the form A = Be’, in which case the 
rate equation is of the form 


r= 

where o, is an index of the strength of the grain 
boundary, and B is a constant which may be a func- 
tion of boundary misorientation angle @. 

The plot of activation energy for grain boundary 
shear vs boundary misorientation angle @ is shown 
in Fig. 8. The curve appears to be continuous and 
approaches a maximum value for a boundary angle 
of 90°, which is the maximum misorientation be- 
tween two grains rotated about the <110> direction. 


The wide variation in the activation energy ob- 
served for specimens with @ value of 85° probably 
results from the steeply rising values of Q for speci- 


Table I!. Orientation Difference of 55° 


Q, Shear, Induction, 
Keal per Mol Keal per Mol 


Incubation 
Time, See 


Stress, Temper- 
G per Sq Mm ature, °C 


8700 
1800 
900 
500 


3300 
900 
400 


1800 
600 
120 


mens with these misorientations. An error of 2° in 
# (which is likely from orientation determinations 
by the Laie back reflection method) would account 
for a variation of 8 kcal per mol. Consequently, the 
plots of the logarithm of rate vs 1/T are not all 
parallel. 

The induction times for grain boundary displace- 


55° at different 


ment for boundaries of @ ) tresses 


Fig. 8—Plot of activation energy for grain boundary shear vs 
boundary misorientation angle # 
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Fig. 9—Plot of in 
duction times for 
grain boundary dis 
placement at differ- 
ent stresses vs 1/T. 
6 — 55°. Circle 
represents stress 
equal to 45 g per 
sq mm; triangle, 
stress equal to 60 g 
per sq mm; and 
square, stress equal 
to 75.59 per sq mm 


were plotted vs 1/T, Fig. 9, and resulted in straight, 
parallel lines. An activation energy was obtained as 
22 keal per mol. This value is to be compared with 
the activation energy for boundary shearing, 20.1 
kcal per mol, for the same boundary angle 

Unfortunately, the data for induction time for 
other angles were meager and consequently analysis 
was not possible. The data are listed in Table II 

It is interesting to note that the activation energy 
for an average misfit angle, 55°, is approximately 
equal to grain boundary self-diffusion (one half vol- 
ume diffusion), according to Turnbull." It is also 
of interest to note that for @ 55°, the sum of the 
activation energies for shear and incubation is ap- 
proximately equal to the bulk diffusion activation 
energy 


Discussion 


The theory of grain boundaries proposed by Mott" 
is based on the idea that a grain boundary can be 
pictured as a sequence of islands of good atomic fit 
separated by areas of misfit. Based on Mott's model, 
the basic mechanism for gliding along a grain bound- 
ary is thus a transfer of groups of atoms from the 
disordered boundary layer to the crystalline lattice 
and the reverse (i.e., the transformation is some- 
what analogous to melting and solidification) 

Consider a group of n atoms in each island to form 
a layer of boundary between the grains. Mott as- 
sumed that the free energy F necessary to cause 
boundary slip will be given by 


= nL (1 — T/T.) 


where L is latent heat of fusion, and T,, is melting 


temperature. The expression proposed by Mott wa 


where A i. , v, the frequency of 
ke'T 

atomic vibration; a, the distance that each island 
moved in the direction of stre n, the number of 
atoms each island contains: », the area each island 
covers o, stre k, Boltzmann constant: and T 
absolute temperature. Here Mott concluded that the 
activation energy for grain boundary slip is equal 
to nL, and proposed n 14 

The interesting feature of Mott 
hard to imagine n to be fixed 


theory lies in 
the value of n. It1 
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? 
45 150 
45 400 
45 450 
45 
45 50 
20 22 6 
60 150 
450 
60 500 
202 225 
755 $50 
755 400 
75.5 450 
755 500 
755 50 
f= 
a 94 


all boundaries as considered by Mott. On the 
contrary, nm should depend strongly on the relative 
orientation of the two grains across the boundary 

Using Mott's expression Ff nl, (1 T/T...) and 
along with Mott neglecting T/T, the data reported 
hereim are ed to caleul the value of n. Here, L 
latent heat of 
olidification for aluminum) and F is taken as the 
value of Q measured in the above data. The value 
of nm for the variou hown 1n 


Pable Il 
It should be noted that the number of atoms pe! 


taken as 2.55 keal per mol (the 


boundart used are 


land caleulated here applies only to the simple tilt 


Table Ul Values of a for Boundaries Used 


Degrees 


In polyerystalline aluminum the bound- 
yeneral, be both tilt and twist type 
The misorientation would then be larger using these 


boundary 
ur would, in 
2 of freedom and hence it would be ¢ 
pected that the value of n for 
crystalline specimen would be larger than that pro 
posed by Mott 

Turnbull idea” that the large angle boundary Is 
composed of an array of atom and holes is only 
lightly different from Mott theory in that the 
between the holes could be both good and 
baud fit repion It i po ible then that lip 
along grain boundaries may take place by the mi- 
(holes). This is essentially a 
proce of self-diffusion, and can occur at tempera 
ture for which self-diffusion 1 
barro has discussed thi 
how that the 


utom with the creation of vacanci on one tace 


cle pres 


boundaries in a poly 


quite 
ration of vacant site 


appreciable. Na 
mechanism in detail,” and 
proce involve the transport of 
and destruction on the other face. Since the large 
freely as both a 
umed that thi 


quite readily at large angle grain 


anvle pvrain boundary act ource 


and a sink for vacancies, it can be a 
mechanism occult 
boundari 
displacement occurring along the grain 
likely, due to the activation of di 
ources in the vicinity of the boundary by 
ion would 


For an 
boundary (as 1 
location 
externally applied stresses), the bad fit re; 
constitute an effective barrier to continued displace- 
A form of bulk diffusion would then be called 
into play to permit further displacement. Thus, for 


ment 


large displacements, boundary slip may be consid- 

ered to be a diffusion controlled proce 
The uniform initial gliding rate can be considered 
to be governed by two processe Lf lip and diffu 
ion. The maximum shear stre resolved along the 
lil plane which is 90 
the 110} plane whose pole is both the 
and the 


ume that some 


occurs in the one from 
pecimen 
Hience it is reasonable 


lip will oceur along thi 


lip direction 
plane 
the angle # increase the slip plane will rotate 
and go through 


Consequently, the applied shear stre 


accordingly u maximum at ¢ equal 


to OO acting 
alone the 
olved along the 
cording to a cosine function as the angle @ increase 


his means that the greater the angle @ the higher 


grain boundary will have a component re- 
lip plane which will decrease ac- 
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will be the applied shearing force to cause slip. 
However, it is considered that the slip process con- 
only one part of the shear displacement of 
the boundary. After the initial displacement occur- 
ring over a relatively short distance, the structure 
inside the boundary is altered to produce a barrier 
to further glide. Since the barrier can be overcome 
only by diffusion, displacement come: gradually to 
a halt as the effectiveness of the barrier increases. 
Diffusion which is time dependent permits a read- 
justment of the barriers to allow further displace- 
ment 


tribute 


Nonuniform shear is observed in some cases and 
has an effect in causing lateral boundary movement 
A uggested in the discussion of the boundary 
model, atoms in a strained configuration constituting 
a barrier to further glide along the boundary would 
be expected to realign themselves by diffusion. This 
proce would produce a boundary migration as de- 
cribed by Beck It is to be expected that, subse- 
quent to the initial grain boundary displacement, 
the strain becomes progressively larger, and hence 
there should be migration perpendicular to as well 
as along the grain boundary. In fact, Aust, Harrison, 
and Maddin™ have observed the rate of grain bound- 
ary migration as a function of the boundary angle 
They obtained the activation energy for boundary 
migration of aluminum bicrystals for @— 55° as 
22 +3 and 10 +3 keal per mol, respectively. These 
data are qualitatively in agreement with those re- 
ported herein if a low activation energy for bound- 
ary migration can be associated with a highly 
misoriented boundary. This would require a high 
hear along this boundary. Conversely, a 
high energy for migration is associated with a 
boundary of small misorientation which would re- 
quire a small energy for shear along this boundary. 


energy for 
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Intermetallic Compounds 


In Titanium-Hardened Alloys 


Aging reactions in 26 pct Ni-15 pct Cr alloys of the A-286 type have been investigated 
using light and electron microscopy, X-ray and electron diffraction. Maximum dispersion 


hardening is provided by aluminum-poor ’; 


1, platelets are observed above 1400°F; G 


phase is a globular nickel-titanium silicide resulting from grain-boundary segregation; 
bulky Laves or « phases appear depending on whether there ts an excess of titanium or 
aluminum. Cellular precipitation involving a new phase occurs in vacuum-melted A-286 
of negligible silicon content. Calculated Patterson-Harker sections show that the inter 


atomic distances in G phase are not short. 


by H. J. Beattie, Jr. and W. C. Hagel 


URING an earlier examination of high-tempe: 

ature alloy, A-286, the presence of an unknown 
intermetallic compound was verified by X-ray dif 
fraction. Owing to its prominent appearance at 
vrain boundaries, the arbitrary name of G phase 
Low-silicon 
were found to contain no G phase, and this investi 
vation was initiated to determine the influence of 
ilicon on G-phase formation; additional work wa 
undertaken to extend existing data on other inte: 
in thi 


wus assigned vacuum-melted heat 


metallic compounds and the aging reaction 
vroup of alloy: 

Taylor and Floyd’ * obs rved that the Ni,Al phase 
(y’) and the Ni,Ti phase (y) are the only equilib 
rium intermetallic compounds in nickel ternary al 
loys containing up to 25 pet Cr and 10 pet Ti or Al 
They found that y’ can dissolve considerable nickel 


chromium, and toichio 


titanium, although the 

metric composition of » remains fixed. Nordheim 
H. J. BEATTIE, JR. and W. C. HAGEL, Junior Member AIME, are 

associated with the Materials and Processes Laboratory, Large 

Steam Turbine-Generator Dept., General Electric Co, Schenectady 
TP 4472E. Manuscript, Sept. 12, 1956 
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and Grant confirmed that age hardening of 80 pet 
Ni-20 pet Cr alloys of the Nimonic-80 type is due to 
y, where aluminum is partially re 
They suggest that optimum 


precipitation of 
placed by titanium 
hardness and ductility result from increasing the ti 
tanium to aluminum ratio toward the end of the 
olubility range and from increasing total tita 
nium and aluminum content to the maximum limit 
permitted by processing. Such information is nece 
ary for those seeking to improve the service-tem 
perature range and long-time structural stability of 


high-temperature component 


Experimental Methods 

Compositions of material tudied are listed in 
Table I. Alloys D, E, and F posse 
A-286 analyse ilicon increases from less than 0.02 
to 1.75 pet in alloys A to H; in alloys I to K, tita 
nium decreases from 2.24 to 0.39 pet, and aluminum 
increases from 0.16 to 2.40 pet. Alloys A and D were 
treated for 4 hr at 1700 F, oil 
quenched and aged for 0.5, 2, 6, 12, 30, 70, 200, and 
1000 hr at 1200°, 1300°, 1400°, and 1500°F, There 
required for each 


representative 


olution heat 


fore, a total of 44 specimens wa 
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Table |. Composition of Alloys Investigated 


Alley Alloy Content, Wt Pet 
Destgna 
tien 5 Ni 


ww 


Table 11. X Kay Data on New Phase Extracted from Alloy A Aged cobalt radiation, and a few were examined photo- 
1000 Hr at 1400°F After Solution Treatment for 4 Hr at 1700°F; yraphically in a cylindrical powder camera of 5-cm 
Cobalt K « Radiation radius using filtered copper radiation. Lattice pa- 

rameters were determined by least-squares analyse: 

Sin? of sin’ @ value 
Cates. Specimens were prepared for reflection electron 
vain diffraction by etching with an aqueous solution of 
FeCl, and HCl, rinsing with 10 pet HCl in ethyl 
alcohol, and degreasing successively with anhydrous 
acetone and benzene before mounting in an electron- 
diffraction unit Magnesium-oxide and lithium- 
chloride standards were used to establish electron 
wave length 
Experimental Results 

The only interstitial compound found in these 
alloys is TiC: this stable carbide remains relatively 
unaffected by heat treatment and wa observed in 
all specimens in the form of lavender particle 
possessing the directionality given them by hot 
working. A preliminary check of solution heat 
treatments for 1, 4, and 8 hr at 1600", 1700°, 1800 
of these two alloys. Alloys B,C, E, F, G, and H were and 2000° F showed that holding for 4 hr at 1700 °F 1 


olution heat treated for 1 hr at 


and double aged for 16 hr at 1 
266 hr at 1600’F. The same heat treatment was used temperature above 1800 F, a small trace of G phase 


800° F, oil quenched ufficient for solutioning of y and ». Although G 


325°F. followed by phase progressively dissolves on increasing tume at 


for alloys I, J, and K, except that the latter doubl till remains after 8 hr at 2000°F. Hardness data are 
plotted in Figs. 1 and 2 as a function of aging time 
at temperature. The presence of undi solved G 
period of heating was considered to commence after phase at the grain boundaries of alloy D retard 
high-temperature grain growth and provides a 


aging temperature was 1500 F. Furnaces were at 
temperature on specimen insertion, and the time 


the small specimen disks cut from hot-rolled bar 
tock had been exposed for 0.1 hr. At least ten higher short-time hardne level than that meas- 


Rockwell A hardne impressions were made on ured when G phase is not present in alloy A. Other- 
each specimen of alloys A and D, and the resulting wise, the general shape of both curves show that G 
average reading was converted to Bhn phase does not take part in the principal aging re- 

After mechanical polishing on an intermediate action ome overaging appears after 200 hr at 
Caurnauba-wax wheel and Gamel cloth with fine 
alumina, specimens were chemically etched with 92 
pet HCI-5 pet H,SO,-3 pet HNO, More than two 
etching times were used to evaluate the effect of 
etch depth on structural appearance. After light 
microscope examination, pecimen possessing 
unique or representative structures were selected for 
electron microscopy. Negative replicas were pre 
pared by the direct stripping of parlodion, and they 
were chromium shadowed at angles of 15 to 25 

X-ray diffraction patterns of electrolytically ex- 
tracted residues were obtained from selected speci- 
men The most successful electrolyte was 10 pet 
HCl in ethyl alcohol, and a current of 0.1 to 0.2 amp 
per sq in. was passed for 48 hr at a de potential of 
1.0 v. The more noble phases remaining were sepa- 
rated by suction filtration, washed, dried, and pre- 
erved under 0.00025-in. Mylar sheet. Residue Fig. 1—Change in hardness of alloy D during aging at 1200° 
underwent diffractometer recordings using filtered to 1500°F after solutioning 4 hr at 1700°F 


RE ATE ry HOUR 


912—JOURNAL OF METALS, JULY 1957 TRANSACTIONS AIME 


A* 0.05 N 0.02 14.60 5.14 1.24 1.83 6.20 0.27 Balance 
0.05 0.10 14.82 6 00 112 191 0.15 0.35 
003 i “14 14.54 1 60 1 86 028 0.59 Balance 
6.05 167 551 11) 1 63 0.20 0.24 Balance 
004 1.10 1.9% 0.19 0.32 Balance 
004 1.12 1.86 014 031 Balance 
1.28 1 98 0.13 0 32 Balance 
i 004 ! 144 1 44 0.09 0.12 Balance 
6.04 1.50 77 4.37 1.37 224 0.16 0.26 Balance 
0.05 1460 14.76 150 240 042 Balance 
004 168 0 68 15.44 26.25 1.34 0.39 226 0.39 
* Vacuum melted 


Table Ill. X-Ray Phase Identification of Alloys A and D Aged 1000 Hr After 4 Hr Solution Treatment at 1700°F 


Lattice Parameters, \. and Abundances* 


MgZn, Type 
Aging Laves Phase, 
Alley Temperature, NiTi, Hexagonal Hexagonal 
Designation 1000 Hr G Phase, Cuble ‘ New Phase 


1200 


BEERRERE 


126, A 
198, MA 
A 7.697, MR 
A 104, MR 7.704,M 
198, A 311,M 7.696,M 


medium, R, rare 


1300 F and within less time at 1400° and 1500°F Table 1V. X-Ray Data on Alloy D Aged 1000 Hr at 1500°F After 

The ty pical electron micrographs shown in Figs. 3 Solution Treatment for 4 Hr at 1700°F; Cobalt Ka Radiation 
to 9 are mounted so that the direction of shadowing 
is from the top of the page; chromium then fell on Sin’ @ 
the lower side of replica craters, signifying that the Raves 

‘le etch: ‘ an &. Inten GPhase, Phase, Caleu- 

outlined particles received le etchant attack than Akt Qheorved tnted? 
the matrix. Initial hardening occurs during those 
early stages of nucleation and growth when well- o7 0.1088 0.1022 
defined precipitate particles cannot be observed, 2.57 01215 01214 
Fig. 3. Maximum age hardening is associated with 2.37 0.1428 60.1420 
a fine dispersion, Fig. 4, of aluminum-poor some 


overaging has occurred when relatively larger 0.1687 0.1691 
200) : O17 0.1725 


platelets of » are seen, as in Fig. 5, interspersed in 2. 078 01858 0.1856 


local regions when titanium concentration exceed 

the allowed solubility ratio of y’. While the nuclea- 1 95 0.2104 = 0.2105 

tion of cubic y requires only the segregation and 8633 0.2306 0.2300 

ordering of aluminum and titanium atoms, an ad- 

ditional restacking of layers from the face-centered- 

cubie (ABCA) to hexagonal (ABACA) arrangement ; 02824 0.2812 

0.906 

must proceed for y nucleation. Longer times and/o1 — ww 

204 0.3406 


higher temperatures, Fig. 6, cause further coales- a 


cence of G phase and spherical y’, additional growth 197 04106 04097 
205 : 04529 «0.45% 

of », and formation of Laves phase at grain interiors 
Vacuum-melted alloy A with a negligible amount (302) = 0.4800 (0.4793 
220 0 4014 0 4022 

of silicon was entirely lacking in G and Laves rp i 205 0 5276 
227 05404 

phases. However, the cellular precipitation of 2: 5375 0.5368 
P > wre ‘ 17 220 f 0.5681 
lamellae of a new phase was observed at grain : (208) 0.5815 
boundarie This reaction was most prominent at ‘ 0.6134 

1400 F, as shown in Fig. 7. X-ray diffraction data 06378 0.6390 

on this new phase are given in Table II together 
with an indexing on a tentative body-centered #2 . ( 06841 06837 
6807 0 6001 

tetragonal lattice. All lines are listed except those 7 6.7044 0.7026 
due to TiC. At 1500°F the new phase appe al at 07401 0.9412 
early stages, but it later gives way to ». Fig. 8 ; 0.7868 0.7860 
0 6181 06179 

08379 0 48371 

0 8455 0 8455 

4675 86900 

0 8046 0 6946 

0.91948 6 9202 

92% \ 0 9305 

0.9447 0 9457 


* S represents strong; M, medium, W, weak, and V, very 
Where two phases have coinciding d-spacings, the one with in 
dices enclosed in parentheses was weaker and therefore not used 


in calculating sin® @ values 


hows spherical particles of 7 and platelets of new 
phase and/or » are present, according to the X-ray 
evidence. After 1000 hr, Fig. 9, 4 predominates, al- 
though traces of the new phase are still evident in 
the X-ray data 

Table III lists the lattice parameters and relative 
abundances of phases separated electrolytically in 
Fig. 2—Change in hardness of alloy A during aging at 1200° alloys A and D after 1000 hr at 1200° to 1500°F; 
to 1500°F after solutioning 4 hr at 1700°F Table IV is an example of X-ray data on a single 


tw ue 
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5, A MR 
1300 MK 
1400 A M 
1500 
D 1200 7,M 11 
1300 7,M 
1400 4, MR 11] 
1500 VE 11 
*A mear ibundant; M, and V. vers 
en 
¢ 
a 
“a _ 
, 


4 


VASP. q 


<x 
Fiq 3--Alloy D aged 2 he at 1200°F after solutioning 4 hr 


at 1700°F Some undissolved G phase is present at grain 
boundaries, no matrix precipitation is yet detectable X8000 


Fig. 5—-Alloy D aged 200 hr at 1400°F after solutioning 4 
hr at 1700°F. Initial formation of 1 platelets can be observed 
within |" dispersion. X8000 


Relative abundance from X-ray line in- 
abundant (a), medium 
(mr), 


nated a 

abundant (ma), medium (mm), medium rare 
are (r), and very rare (vr). In these alloys, 

Laves phase can consist of (Mo, Ti) (Cr, Mn, 

Si)... but it is essentially 

and silicon content of alloy A, as well as in- 

! d and 

appears to inhibit Lave 
Representative electron-diffraction data for alloy 

I and K, identifying and », are listed in Table V 

pacings and intensities are also shown 


ten itive cle 


The low manga- 
precipitation consuming titanium, 
phase formation 

Calculated d 
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ie 

= 

Fig. 4—Alloy D aged 200 hr at 1200°F after solutioning 4 hr 
at 1700°F. A fine dispersion of aluminum-poor + causes 
maximum hardening X8000 


Fig. 6—Alloy D aged 200 hr at 1500°F after solutioning 4 
hr at 1700°F. Overaged structure contains globular G phase, 


spherical ', and Widmanstatten platelets of 1 X8000 


for alloy I; these were obtained from the relation- 


hip 


sin’ 


where } is the multiplicity of equivalent plane 

and E is the electron-seattering structure factor 
assuming hexagonal-close-packing with stacking se- 
quence of form, ABACA. The (001) reflections which 
normally appear in X-ray patterns are absent in 
the electron-diffraction data, resulting from the 
characteristic platelet shape of the » particles pro- 
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Table V. Electron-Diffraction Data for Alloys Aged 256 Hr at 1500°F After Solution Treatment for 1 Hr at 1800°F 


Alley I 


d,A d 


A, Calculated 
Observed Caleulated* 


Intensities* 


Observed 
Intensities? 


1000 
171 


oO610 


* Hexagonal 5.10A and « 
Cubik 
t Due to 45-Al 


'S represents strong; M, medium; W, weak; and V, vers 


Alley 


Observed 


d, A, 
Observed Intensities® 


0 680 
0.597 


truding from the matrix. With the basal plane of 
the lattice coinciding with the platelet planes, the 
only particles favorably oriented for diffraction 
from the (001) planes are platelets at grazing inci- 
dence to the electron beam. Since diffracted elec- 
trons arise solely from transmission through thin 
sections of particles, diffraction from the (001) 
planes is impossible. Observed intensities for planes 
(205) and (206) are lower than calculation indi- 
cates because the Widmanstitten » platelets con- 
tributing to these lines are inclined at small angles 
to the electron beam, and hence even the thin edges 
present relatively long path lengths. Since atomic 
configurations in the basal planes of » and the octa- 
hedral planes of austenite are almost identical, it 
can be understood why » possesses a plate-like mor- 
phology. Large, unsuitably shaped particles merely 
absorb or seatter electrons incoherently. Therefore, 
the G, Laves, and o phases in these alloys could only 
be detected by X-ray diffraction 

The increasing silicon content of alloys A to H 
caused an increase in G and Laves phases and a de- 
crease in grain size that is most striking under a 
light microscope. The high titanium content of alloy 
I achieved the same effect at a lower silicon content, 
except that » platelets were in greater abundance 
In higher silicon and titanium alloys, G phase also 
urrounds TiC shown in Fig. 10 
scratch hardnesses taken on these specimens showed 
G phase to be softer than TiC but harder than the 
matrix. The higher aluminum content of alloys J 
and K caused the formation of « instead of G and 
Laves phases; a fluorescent X-ray analysis of o 
phase in alloy K gave the approximate composition 
as 47 pet Fe-26 pet Cr-17 pet Mo-10 pet Ni, and the 
lattice parameters are a 8.796A and ¢ 4.572A 

A large quantity of alloy D was aged for 48 hr at 
1500°F and electrolytically digested to give a high 
yield of residue. A density separation removed any 
attached matrix, y and y. The remainder was held 
in hot 50 pet HNO, to dissolve TiC, since G phase i 
resistant to all acids except HF; 5 pet Na(OH) was 
About 12 to 14 g of G 


removal of 


particles, a 


added to eliminate silica 
phase remained for chemical analysis 
TiC and silica was verified respectively by X-ray 
diffraction and infrared spectroscopy. Although not 
as precise as desired, the separation indicated that 
the stoichiometric composition of G phase is Ni,TiSi 
or Ni.TiSi,. A subsequent attempt by Westbrook’ 
to synthesize G phase showed that the composition, 
Ni,TiSi, consists mostly of G phase as determined by 
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Table VI. Intensities and F° Values of G-Phase Powder, CuK« 
Radiation 


Intensity, 
Counts per See 


X-ray diffraction. With further refinement, an es 
sentially homogeneous G phase occurred at the com 
position Ni,TiSi, with a density of 6.27 @ per cu cm 
This gives 108 atoms per unit cell, which is more 
consistent with the formula Ni,TiSi,. Systematic 
absences are limited to those of face-centered sym 
metry. Hence, the possible space groups are F234, 
Fim3, F432, F43m and Fm3m 


Patterson Harker Sections 


As a preliminary step toward determination of 
atomic arrangements within G phase, the Patterson 


function can be used 


2 a (hu lw) [2] 


co 


which } tochastic device for obtaining par 
tial information about an unknown structure direct 
ly from X-ray data. This treatment has been used 
occasionally for determining metallic structure 

e.g., by Tucker’ in solving the crystal structure of 
B-uranium. The integers hkl are Miller indices; the 
within the unit cell 
the quant 


a non 


parameters upw are coordinate 


expressed as fractions of unit-cell axe 
ties F,, are structure factor 
are calculated directly from X-ray intensiti The 


can be evaluated at every point with 


whose magnitude 


function P 


in the unit cell: any origin to a 


vector from the 


maximum of P represents an interatomic vector 
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2.22 2.2} MS 200 204 bs] 111 
2.12 2.13 Ss 201 1.74 Ww 200 
1 95 1.95 Vs 202 1.25 MS 220 
1.73 1.727 MS 20 1.07 MS iil 
1.52 1516 MW 204 1.02 W 222 
1.395: MW 0817 M 
1.325 1.330 Ww 48 205 0.793 MW 420 
1279 1.275 MS HS 220 0 721 MW 442 
1.182 1.175 Vw “i 2065 Ww 138-511 
1 089 1.088 MS 71 224 | | W yal 
0 824 0 827 M 16 422 
0 694 0 694 Vw 6 604 
0.610 Vw 2, 2, 12-444 
2 403 oo 
420) 2400 a2 
422 2 285 144 “7 
2.154 O45 $42 
1000 
442-600 1 865 
“620 1770 
1.708 
622 1 608 “0 
53-731 1458 21 M4 
HOO 1490 in m7 
1320 140 
55-751 1.292 
911-753 1220 43 4l 
842 1220 25 
wl 1174 24 
Had 1.142 
755-771-045 1125 
775-951 1 082 22 
666-10.2.2 1077 23 


Fig. 7—-Alloy A aged 1000 hr at 1400°F after solutioning 4 
hr at 1700°F. No G phase ts present, and cellular precipita 
tion involving new phase has occurred at grain boundaries 
x 8000 


J 
Fig. 9-Alloy A aged 1000 hr at 1500°F after solutioning 4 
hr at 1700°F. X-ray diffraction shows abundant presence of 


1, little of new phase X8000 


The magnitude of a maximum is proportional to the 
numbers of an interatomic-vector 


product of 
pair and also to the multiplicity of equal interatomic- 
distance vector in the structure 

Table VI lists values of F., 
lated from intensitte by the 


which were calcu- 
relation 


[3] 


vhere pus the multipheity of planes of equal spac- 
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ar 


‘ 


Fig. 8—Alloy A aged 200 hr at 1500°F after solutioning 4 


hr at 1700°F. Larger particles of »' and platelets of new 
phase and/or 1 are observable. X8000 


To 


Fig. 10—Optical micrograph of alloy D aged 200 hr at 
1400°F after solutioning 4 hr at 1700°F. Bierbaum scratch 
has passed over TiC particle surrounded by G phase. X750 


ing. This assumes that F,,,,, is the same for all 
permutations of a given set of integers (hkl) and 
that Fx. both assumptions are valid for 
the space groups possible in G phase. The above re- 
lation also assumes that F,,,,, is the same for two or 
ets of indices having the same (h* + k* + I’) 
value, such as (333) and (511). While this assump- 
tion is not strictly valid and must be made in ab- 
ence of single-crystal data, the fidelity of the treat- 
seriously impaired 


more 


ment is not 
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< 
4 >> 


From Eq. 2, the form of the two-dimensional 
Patterson-Harker section giving vectors parallel to 
the cube face is 


sin2 [4] 


where S Since Fr, , the sec- 
ond term involving sines vanishes, meaning that the 
borders of the quadrant bounded by u 0, % and 
v 0, 42 are mirrors of symmetry. Therefore, only 
one quadrant is shown in Fig. 11 
The equation for the one-dimensional Patterson- 
Harker section plotted in Fig. 12 is 
Ps 3B,,cos2anzx [5] 


where x is the distance along the [111] axis, ex- 
pressed as a fraction of the cube diagonal, and 
summed over the nth-layer line of 


the [111] axis; all (hkl) of the nth-layer line of this 
axis have the property that h + k + l= n. 

Table VII summarizes the positions of maxima in 
both Patterson-Harker sections. There are vectors 
of essentially equal magnitude in the [100] and 


Table VII. Interatomic Distance Information from Patterson-Harker 
Sections of G Phase 


we. 
Interatomic Arbitrary 
Distance, A Scale 


Position 
Parameter, 


0.234 
0.434 
0.171 
0.250 
0.137 
0 250 
0.345 
0.475 


= 


[111] directions. The smaller one (2.62A) has about 
equal multiplicity in both direction The large: 
one (4.85A) has higher multiplicity along the cube 
diagonal than along the cube edge and stands at a 
position (1%, %, %) from its neighbor. These sec- 
ignificant because they show that the 
interatomic distances in G phase are not short 


tions are 


Fig. 11—Two dimensional Patterson-Harker section of G 
phase showing interatomic vectors parellel to cube face only 
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PATTERSON FUNCTION 


OISTANCE ALONG ] 


Fig. 12—One dimensional Patterson Harker section of G 
phase in [111 direction 


Conclusions 

Phase relationships in 26 pet Ni-15 pet Cr alloys 
of the A-286 type appear to result from the ten 
dency of excess nickel to leave the matrix and com- 
bine with aluminum-poor »’, », and G phases. Such 
depletion is controlled by time, temperature, and 
relative concentrations of silicon, titanium, and 
aluminum. Presumably owing to the incompressi 
bility of its nearly saturated 3d shell, nickel tend 
not to take part in such phases as Laves and o 
abnormally short interatomic di 
short interatomic dis- 
calculated Patterson-Harker sections show 
that G phase is not characterized by short inter 
atomic distances involving nickel. Laves phase ap 
pears only after most of the excess nickel in high 
with »’, », and G phase 
Similarly, o phase forms in high-aluminum alloy 
when excess nickel combines with ». While y 1 
dispersion hardening in a normal 


which possess 
tances. Neither y’ nor » ha 


tances; 


titanium alloys combine 


responsible for 
manner, G phase of probable stoichiometric compo 
ition, Ni,.TiSi,, forms an additional sink for nickel 
segregation and thus promotes Laves-phase forma 
Vacuum-melted A-286 of 


entially the same 


tion in grain interior 
negligible silicon content has e 
and » phases, but 
cellular pre 


aging characteristics based on y’ 
instead of G or Laves phases there | 
cipitation involving a new phase 
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AN. 
ee 


Hydrogen Distribution in Heat-Treated 


Titanium as Established by Autoradiography 


The duplex heat treatment of the two phase titanium alloys containing relatively 
large amounts of //-stabilizing elements frequently produces a dark-etching phase at the 
grain boundaries. An investigation of this phase was conducted on an alloy containing 
Ti 3 pet Mn-1 pet Fe-1 pet Cr-1 pct Mo-1 pct V in the annealed and in the heat-treated 
condition. Autoradiography, using tritium as a tracer element, and electron microscopy 
showed the intergranular phase to be a hydrogen-rich material. 


by O J. Huber, J. E. Gates, A. P. Young, M. Pobereskin, and P. D. Frost 


H YDROGEN effects in titantum alloys have been 
thie ubject of extensive research in recent 


iit Lennin Craighead, and Jaffee howed that 
hvdrogen embrittle titanium and, at the same 
time, elevates the temperature at which the transi 
om brittle to duetile during 
testing, In later work the same investi 
tolerate 


failure oecur 


meluded that several all-8# alloy 

e amounts of hydrogen without serious damage 
mechanical properties, but two-phase alloys suf- 
of embrittlement, depending 

tabilizing addition used and 

vhether tabilizer 


The mechanism of hydrogen embrittlement ha 


also present 


of been rly established. Strain rate has been 


be an important factor and, therefore, a 
ing phenomenon 1 uspected to cause the 


iat hydrogen has produced on mechanical 
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propertie Ripling” has pointed out that ductility 
damage varies inversely with strain rate in a-f al- 
loys and directly in a@ alloys, This effect in a@ alloys 
can be associated with transition-temperature be- 
havior, but the embrittlement mechanism in two- 
phase alloys remains in question. 

During the course of research conducted for the 
U.S. Air Force, a dark-etching phase has been ob- 
erved at the grain boundaries of certain two-phase 
titanium alloys after duplex (solution plus aging) 
heat treatments An example of the dark-etching 
interface phase is shown in Fig. 1. Decrease in duc- 
tility accompanies the appearance of the minor 
phase but has not always been attributable solely 
to the presence of the phase. Although the dark-etch- 
ing phase has been observed in alloys under a rather 
narrow range of heat-treatment conditions, it is of 
veneral interest since it is always associated with the 
presence of hydrogen. The known embrittling effect 
of hydrogen makes any facet of its behavior of par- 
ticular importance 

The intergranular phase has been observed in 
titanium-base alloys with relatively high amounts 
of the 8-stabilizing elements. Specific examples of 
such alloys include Ti-5 pet Mn-2.5 pet Cr, Ti-3.5 
pet Cr-3.5 pet V, Ti-8 pet Mn, and Ti-3 pet Mn-! 
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pet Cr-1 pet Fe-1 pet V-1 pet Mo.” Alloys of this 
type are amenable to heat treatments of the duplex 
type. Solution treatment in the two-phase (a + £B) 
region followed by an aging treatment in the 800 
to 1100°F temperature range produces improve- 
ments in mechanical properties which are highly de- 
irable for many applications. However, such heat 
treatments also result in increased susceptibility to 
embrittlement when the hydrogen content is ex- 
cessive. The actual level of tolerance has been shown 
to be dependent upon the strength level produced by 
the heat treatment, at least in the case of the Ti-3 
pet Mn-1 pet Cr-1 pet Mo-1 pet Fe-1 pet V alloy 
The dark phase appears to be produced by heat 
treatments which vield a relatively high a to £8 ratio 
in the structure. Vacuum annealing decreases the 
relative amount of the dark phase, and the degree of 
degassing necessary to carry a particular alloy to 
the point where the phase is undetected depends 
upon the temperature of the solution and aging 
treatment 

Recent research has established that the dark- 
etching phase described above is titanium hydride 
or at least a hydrogen-rich phase. The present paper 
describes autoradiographic experiments in’ which 
tritium, the radioactive isotope of hydrogen, was 
used as a tracer element to reveal the location of 
hydrogen in the titanium alloys studied. Not only 
was the nature of the dark-etching phase revealed 
in this research, but some visual evidence of the 
tendency of hydrogen to partition to the 2 phase 
rather than the a phase was observed 


Experimental Work and Results 

Although the dark-etching interface phase can be 
associated with the presence of hydrogen, it was not 
possible to identify or even detect evidence of hy- 
drogen in situ using X-ray or electron diffraction 
The most logical explanations accounting for this 
are 1) there was such a minor amount of the mate- 
rial present that it was undetected or 2) the phase 


Fig. 1—Ti-3 pet Mn-1 pet pet pet Mo-l pet V 
alloy with 260 ppm H rolled and solution treated in the 
«i phase region and aged 48 hr at 800°F.” Etchant used 
wos |'> parts HF-3'2 parts HNO.-95 parts H.O. The dark 
phase is hydride or hydrogen-rich, A heavier etch shows 
the matrix phase to be “ with « precipitate dispersed 
throughout. X1000. Reduced approximately 20 pet for repro 
duction 
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Fig. 2—Autoradiograph of Ti-3 pet Mn-1 pet Fel pet 
pct Mo-1 pct V alloy before heat treatment. Specimen wos 
outgassed at 1800°F and charged with 600 ppm tritium 
bearing hydrogen; 30 hr exposure. Etchant used was 1'> 
parts HF-3'2 parts HNO,.95 parts H.O The general distribu 
tion of exposed silver grains igdicates that a reaction took 
place between the specimen and the emulsion. X750 Reduced 
approximately 20 pct for reproduction 


is actually a modification of one of the phases pre 
ent (more probably the a) in which the hydrogen 
concentration does not cause sufficient lattice di 
tortion for the phase to be observed. The former i: 
an entirely adequate explanation and there is no 
known relation between « phase and hydrogen to 
upport the latter 

The correlation of the dark-etching material with 
hydrogen can be more convincingly established by 
use of autoradiography and electron metallography 
A series of specimens for this purpose was prepared 
from a Ti-3 pet Mn-1 pet Fe-1 pet Cr-1 pet Mo-! 
pet V alloy which, for other experiments, also con 
tained 0.1 pet C. The presence of carbon is not re 
lated to nor does it affect the formation of the dark 
etching hydride phase 

Specimens were prepared to provide duplicate 
eries, one of which consisted of hydrogen-free (de 
vassed) the other of material charged with 
hydrogen or tritium-bearing 
indicated that 0.1 millicurt 


imple 
hydrogen. Caleulation 


tritium per g Ti would 


ibetanece 
Ha 


be sufficient to produce autoradiographs with ap 
proximately 30 hr exposure time. The tritium wa 
purcha ed from the Oak Ridge National Labora 
tories as a gas. Hydrogenation with either pure o: 

accomplished in a Sievert’s ap 
paratus, producing an overall gas content of 600 
ppm. A degassing period of 10 hr at 1800 F preceded 
charging and a homogenization treatment of 25 hi 
at 1400 followed 


The specimen 


mixed gases wa 


vacuated Vycor 


olution and agir 


ealed in 
during heat treatment. Both 
were followed by breaking the capsule 


were 


treatment 
under iced brine as rapidly ; ible to effect a 


quench 


Autoradiography 


Autoradiographic or tracer technique 


can be used 
In many systems to determine the distribution or 
location of a particular component which is radio 
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* A millicurie ts defined as the amount of 
4 whic produces the me amount of liation 
unt inne 
@ 
a 
4 
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Fiq Autoradiograph of Ti 3 pet pet pet 
pet Mo | pet V 0.1 pet N alloy. Specimen was charged with 
600 ppm H and heat treated ') he at 1300°F followed by 
water quench, 168 hr exposure. Etchant used was 1'2 parts 
HF 3') parts HNO. 95 parts HO. The low number of exposed 
silver grams indicates no reaction between the specimen sur 
face and the emulsion and no radioactivity in the specimen 
X1000 Reduced approximately 25 pct tor reproduction 


Fiq Autoradiograph of Ti 3 pet Mn} pet Fe-l pet Cr} 
pet Mo | pet V0.1 pet C alloy. Specimen was degassed 10 
hr at 1800°, loaded with 600 ppm tritium bearing hydrogen, 
and homogenized 25 hr at 1400°F. Etchant used was 1! 
parts HF 3'> parts HNO..95 parts H.O. The matrix phase 
contains white needles of primary « phase and gray spheriods 
of titannum carbide The exposed silver grains indicate con 
centration of tritium in the carbide phase and rather univer 
sol distribution in the phase, but relatively little in the 
» phase X1000 Reduced approximately 15 pct for reproduc 


thon 


tive. In heat-treatment studies, it is possible to use 
tium, the radioisotope of hydrogen, to show the 
distribution of the contained hydrogen. The physi- 
of tritium are the same 
However, the three-fold 
reaction rate 


cal and chemical properts 
i thease f hydrogen 
res mass of tritium might make it 

lower than that of hydrogen in some case 
The tracer applied in metal 


lirect comparison of the metallographic structure 


technique a allow 
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Fig. 4—Autoradiograph of Ti-3 pet pct Fe-1 pet 
pct Mo-! pct V-0.1 pet N alloy. Specimen was charged with 
600 ppm H and heat treated '2 hr at 1300°F followed by 
water quench; then aged 24 hr at 900°F; 168 hr exposure 
Etchant used was 1'2 parts HF-3'2 parts HNO.-95 parts H.O 
The low number of exposed silver grains provides a control to 
validate results using tritium-bearing hydrogen. X1000. Re 
duced approximately 25 pct for reproduction 


Fig. 6—Autoradiograph of Ti-3 pet Mn-1 pct pet 
pct Mo-1 pet V-0.1 pct C alloy. Specimen was degassed 10 
hr at 1800°, loaded with 600 ppm tritium-bearing hydrogen, 
homogenized 25 hr at 1400°, then solution treated for '2 hr 
at 1300°F and quenched. Etchant used was |'2 parts 
HF.3'2 parts HNO,.95 parts H.O. The matrix phase con 
tains needles of primary « phase and gray spheroids of car 
bide. Exposed silver grains indicate the tritium is distributed 
about as shown in Fig. 5. X1000. Reduced approximately 15 
pct for reproduction 


and the distribution pattern as revealed by the 
radiation pattern in a photographic emulsion. An 
excellent review of this technique has been pub- 
lished by H. J. Gomberg.” The technique used In the 
present research is as follows: The metal containing 
the radioactive constituent is polished and etched a 
for conventional metallography. A 
emulsion is applied directly to the polished 
The emulsion is optically clear after development so 


photographic 


urface 
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Fig. 7—Autoradiograph of Ti-3 pct Mn-1 pct pet Cr-1 
pct Mo-! pct V-0.1 pct C alloy. Specimen was degassed 10 
hr at 1800°F, loaded with 600 ppm tritium-bearing hydro 
gen, homogenized 25 hr at 1400°, solution treated for 42 hr 
at 1300°, quenched, and given an aging heat treatment of 
24 hr at 900°F. Etchant used was 1'2 ports HF-3'2 parts 
HNO..95 parts H.O. The matrix 4 phase contains white 
needles of primary « phase and unresolved precipitated «, 
as well as the gray carbide spheroids. The exposed silver 
particles are concentrated over a dark phase located at the 
o-fi interface. This indicates a high tritium concentration in 
this interface phase X1000. Reduced approximately 15 pct 
for reproduction 


that exposed silver grains appear superposed on the 


microstructure. Under ideal conditions, an auto- 
radiographic resolution of several yp is possible. The 
major factors influencing the resolution are 1) the 
degree of proximity between the emulsion and the 
metal surface and 2) the energy of radiation emitted 
by the radioactive material. In the case of tritium, 
very good resolution is possible since the energy of 
the 0.019 mev £8 radiation is so low that only the £ 
emitted from the tritium in the surface 


reach the photographic emulsion. 


particle 
layer 
The very low energy radiation level which makes 
tritium so attractive from a resolution standpoint, 
leads to many practical difficulties in its 
use for autoradiography because the radiation is so 
easily absorbed. In biological systems where high 
concentrations of tritium may be achieved, high 
resolution autoradiography may be used to show 
compound distribution in cell structures. Although 
there are many metallurgical systems in which the 
behavior of hydrogen is of particular importance, 
the application of tritium as an autoradiographic 


however! 


not been very successful. Low concentra- 
well as extreme mobility and 
exchange of hydrogen atoms, are severe handicaps 
In titanium, however, relatively 
high concentrations of hydrogen are retained and 
fixed, probably as the hydride 

In this research early autoradiographic exposure: 
with metallic specimens were unsuccessful as a re- 
ult of reaction between the photographic emulsion 
and the freshly polished metal surfaces. An example 
of this is shown in Fig. 2. In nearly all such cases, a 
thin protective film, usually plastic, may be used to 


tracer ha 


tions of hydrogen, a 


in many ystem 
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Fig. 8—Autoradiograph of control specimen, which was de 
gassed 10 hr at 1800°, loaded with 600 ppm H (containing 
no tritium), homogenized 25 hr at 1400°, solution treated for 
‘2 hr at 1300°, quenched, and given an aging heat treatment 
of 24 hr at 900°F. Etchant used was |') parts HF-3'2 parts 
HNO,-95 parts H.O. The white needles of « phase and 
spheroids of carbide phase lie in a matrix tield of (i and « 
precipitate phases. A dark-etching interface appears along 
the « needles. The few dispersed, developed silver grains are 
artifacts resulting from such effects as pressure or corrosion 
at the interface between the specimen and the emulsion 
X1000. Reduced approximately 15 pct for reproduction 


separate the emulsion and the surface. A film thick 
ness of 1 » is the minimum thickness practicable for 
such isolation but the average energy of the # radia- 
tion from tritium is too low to penetrate even thr 
thin a film. Exposure of the titanium alloy to the at- 
mosphere apparently produces a corrosion film, It 
was found that the emulsion did not react with the 
specimen after the latter had been permitted to 
stand in the air for a few hours prior to appheation 
of the emulsion. Actually, this type of handling 
produces the highest resolution in the autoradio 
graphs by elimination of all intermediate material 
It was calculated that satisfactory autoradiograph 
could be obtained from the tritium-bearing speci 
mens during a 30-hr exposure period. This proved to 
which were not heat 
However, 


be the case for specimen 
treated after being charged with tritium 
the heat-treated samples required an exposure time 
of seven days. The difference is probably the result 
of hydrogen and tritium loss during heat treatment 
in evacuated Vycor capsules. Sealing the specimen 
in an inert atmosphere might have prevented partial 
degassing and probably would have been equally 
atisfactory for protection from contamination 
After the had been heat treated, they 
were mounted in Bakelite for metallographic polish 
ing and etching. Each mount was arranged to hold 
degassed, hydrogen loaded, and hydrogen plus tri- 
pecimens. This effectively provided 
pecimens in each mount 
Comparison of the autoradiographs of the two con- 
trols established whether or not the dark-etching 
reacting with the emulsion and producing 
in the emulsion, Examples of 
hown in Figs. 3 and 4 


pecimen 


tium loaded 
two nonradioactive control 


pha C Wa 
exposed silver grain 
such control specimens are 
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Fig 9-- Negative plastic replica electron micrograph of Ti3 
pet Mal pet Fe pet Cr pet Mo! pet V0.1 pet C alloy 
Specimen was loaded with 600 ppm H plus tritium and solu 
tion treated ') hr at 1300°F. Etchant used was |'2 parts 
HF 3') parts HNO. 95 parts H.O The large light particle 
1s carbide which «s standing in relief on the specimen. The 
x7500 


gross Structure contaming primary 


Reduced approximately 35 pct tor reproduction 


Fig 10--Negative plastic replica electron micrograph of 
Ti 3 pet Mol pet Fe | pet Crt pet Mol pet V0.1 pet C 
alloy Specimen was loaded with 600 ppm H plus tritium, 
solution treated '» hr at 1300°, and given an additional 
heat treatment of 24 he at 9OO°F. Etchant used was 1'2 
parts HF 3'») parts HNO. 95 parts HO The light phase is 
the hydrogen rich material which has formed largely at the 
interfaces between the primary « and the | matrix, The 
latter contains a tine precipitate of the x7500 
Reduced approximately 35 pct for reproduction 


phase 
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Fig. 3 shows an autoradiograph of a Ti-3 pct Mn-1 
pet Fe-1 pet Cr-1 pet Mo-1 pet V-0.1 pct N alloy 
pecimen loaded with 600 ppm H before heat treat- 
hr at 1300 F followed by water quench 
Relatively few exposed silver grains are scattered 
through the autoradiograph. These grains were 
probably exposed by radiation from cosmic sources, 
atomic bomb fall-out, or naturally occurring radio- 
isotopes. Such effects are evident to some degree in 
any sensitive emulsion, the degree varying accord- 
ing to the age of the emulsion. Fig. 4 shows an auto- 
radiograph of a specimen charged with 600 ppm H 
treated to precipitate the dark-etching 
phase. Again only a light scattering of exposed 
ilver grains is evident. The absence of significant 
of exposed silver grains in the emulsion 
demonstrates the fact that there was no chemical in- 
teraction between either the metal substrate or the 
dark-etching phase and the emulsion during eithe: 
the 168 hr exposure time or the development proc- 
esses. If such reaction had occurred, the autoradio- 
graph hown much heavier concentra- 


ment of 


and heat 


number 


would have 
tion ilver grain 

Some autoradiographs from one 
mens loaded with hydrogen and tritium are shown 
in Figs. 5 through 8. The alloy is nominally Ti-3 pet 
Mn-1 pet Fe-1 pet Cr-1 pet Mo-1 pet V-0.1 pet C 
The alloy is shown in Fig. 5 after hydrogenation but 
heat treatment. The ilver 
are rather evenly distributed over the # phase, are 
relatively absent from the a, and are some what con- 
centrated over the carbide spheroids. This indi- 
cates that hydrogen tends to partition into the tita- 
nium carbide and offers some visual indication that 
hydrogen partitions to the # in preference to the a 
phase. Solution treatment in the two-phase region 
(42 hr at 1300 F) produced little change in eithe! 
the microstructure or the autoradiographic results, 
us is shown in Fig. 6. This is as would be expected, 
ince the cooling rate is the main difference between 
the treatments. After solution treatment, the mate- 
rial was quenched in iced brine, while the post- 
hydrogenation homogenizing treatment wa fol- 
lowed by cooling in the apparatus. In Fig. 7, the 
effect of aging for 24 hr at 900°F is immediately 
There is a concentration of exposed silver 
grains directly over the dark-etching material as a 
result of the concentration of radioactive tritium in 
this phase 

A control 
procedure just described except that it wa 
loaded with pure hydrogen and contained no radio- 
active tritium. The control specimen is shown in Fig 
8 in the same condition of heat treatment as for Fig 
7. It is apparent that there are few exposed silve: 
vrains scattered over the surface and that the dark- 
etching phase at the a-# interfaces is sharply de- 
contrasted to the appearance of the phase 
The few developed silver grains re- 
ource or naturally 


of exposed 


series of speci- 


before exposed grain 


obviou 


pecimen was carried through the entire 
initially 


fined a 
hown tn Fig. 7 
ult from radiation from cosmic 
occurring radioisotopes. 

It would appear from this research that the dark- 
etching phase which formed at the a-f interfaces i 
TiH or at least a hydrogen-rich phase 


Electron Metallography 


Upon completion of the autoradiographic work, 
examined in the 


the same series of specimens wa 
electron microscope, using shadowed, negative plas- 
tic replica techniques.” The structure resulting from 
a solution treatment of 42 hr at 1300°F appears in 
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Fig. 9. The material was loaded with 600 ppm 
tritium-bearing hydrogen before this heat treat- 
ment. The structure is predominantly a 8 matrix 
with primary a, 1e., a which is present at the solu- 
tion temperature. The large spheroid is a titanium 
carbide particle. The solution treatment described 
above followed by aging 24 hr at 900°F produced 
the microstructure shown in Fig. 10. The matrix is 
8 containing a fine dispersion of precipitated a. The 
phases in relief are primary a and the hydrogen- 
rich phase. The a appears darker and the hydride is 
light and is located at the interface between pri- 
mary « and the matrix. Since in the electron micro- 
vraphs both the hydride and the carbide phases ap- 
pear as light areas (thin areas in replica), other re- 
gions in the same sample which showed carbide 
particles were also examined to confirm the differ- 
ences in their appearance 

Fig. 11 is an electron micrograph of a specimen 
which received the same heat treatment as that of 
Fig. 10 but which was previously degassed. The 
obvious difference between Figs. 10 and 11 is that 
the hydride phase present in Fig. 10 does not exist 
in the degassed material 

The appearance of the a phase throughout this 
eries 1s interesting, although the effect is probably 
not connected with the presence of hydrogen. There 
are varying degrees of attack by the etchant on the 
the various @ islands. In Fig. 11 particularly, some of 
the a phase appears to be relatively unattacked and, 
therefore, it stands in relief above the matrix mate- 
rial, Other areas have been more seriously attacked 
and are recessed. Compositional variations in the 
o phase are possible in the heat treatment of com- 
plex alloys, and they could also account for the ob- 
served variations. The effect need be a relatively 
minor one to be visible at the magnification used, 
X7500 

Some 
embrittlement i 
made in this paper. The autoradiographs indicate a 
tendency for hydrogen to partition to the # phase 
during a solution treatment. During subsequent 
aging the hydrogen comes out of solution and diffu- 
ion to the a-f interfaces takes place. The hydrogen 
forms the titanium hydride compound with the a 
phase. The same diffusion and compound formation 
could conceivably be produced by strain aging as 
well as by thermal aging. Since it is known that 
titanium hydride is brittle, this mechanism of for- 
mation of the hydride phase at a-f interfaces might 
be the one which produces strain embrittlement in 
high-hydrogen titanium alloys 


peculation on the mechanism of hydrogen 
possible based on the observations 


Summary 


In two-phase titanium alloys containing relatively 
large amounts of the £-stabilizing elements, a minot 
phase has been observed at the f-a interfaces afte: 
duplex heat treatments involving aging (isothermal 
anneal) in the 800° to 1100 F range. The dark-etch- 
ing phase appears where the ratio of a to # phase i 
relatively high and it increases in quantity with in- 
creasing hydrogen content. Crystallographic evi- 
dence has not been obtained, but the formation of 
the intergranular phase has been established by 
light and electron metallography and its high hydro- 
ven content has been proven by autoradiographic 
techniques, using samples charged with 
tritium-bearing hydregen. Autoradiography has also 
provided some evidence for the tendency of hydro- 


trace! 
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Fig. 11—Negative plastic replica electron micrograph of 
control specimen of degassed material solution treated '2 hr 
at 1300° and aged 24 hr at 900°F Etchant used was |'> 
parts HF.3') parts HNO. 95 parts H.O. The large light area 
is a carbide particle. Primary « needles and tine « precipi 
tate appear throughout the // matrix. No hydrogen rich phase 
is present. Note that the degree of etchant attack on the « 
phase areas varies. X7500 Reduced approximately 35 pct 
for reproduction 


ven to partition to the # phase in preference to the 
«a phase in titanium alloy 
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Blister Formation in Rolled Aluminum 


Blister raising discontinuities have been located in sheet ingots and followed by means 
of nondestructive testing methods through the various stages of sheet production to the 
formation of blisters. The relative importance of gas content and ingot discontinuities has 
been determined. The use of a fabricating technique based on at least 40 pct cold reduc- 
tion of the as cast ingot prior to the application of normal hot and cold rolling procedures 
has been shown to eliminate blisters. An explanation for this is offered. 


by J. H. O’Dette 


I LISTER formation on wrought aluminum prod- 
ucts has been a matter of concern to aluminum 
fabricators for many year 

The fact that blisters make their appearance dur- 
ing, the final stages of fabrication means that much 
been expended before it 1 
material must be serapped. Thi 
ample reasons for 
embarking on a research program to find out more 
ible methods of control 


time and effort have 
evident that the 
the le ol production “ure 


“about blistering and po 
xcellent papers on this subject have ap- 
technical literature in the last few 
Kostron 
iow of the problem of ga 
From the 


Many « 
peared in the 
youl In one of the more recent paper 
fives a fairly complete rey 
in aluminum and blistering in general 
work of the 

the formation of blisters ha 
ed briefly as follow 
isually present in the cast ingot, in the atomic or 
of the solid solubility. At room 
atoms are relatively immobile, 


, a general mechan- 
evolved and 
Hydrogen ga 


Virious investigator 


tate, in exce 
temperature the pa 
but at elevated temperatures they become mobile 
md diffuse to free 


form molecule If these free 


urfaces where they associate to 
urfaces are discon- 
within the ingot then the associated ga 
collect and build up considerable pressure 
reached with the dissolved ga 
Since the solubility of the 


quare root of the partial 


molecule 
until equilibrium 4 
around the discontinuity 
is Is proportional to the 
vident that large pressures may be 
When the metal i 
in these dis- 
uflicrent to deform the surface of the 


pore ime it is ¢ 
up at the 
rolled to 
continuity 


discontinuitie 
heet the pressure of the ga 
heet and form a blister, particularly when the 
trengeth of the material is reduced during the an- 
nealing 


Although the 
was fairly well known, the actual impor- 


mechanism of the formation of 


J WH. O'DETTE ts Research Metallurgist, Aluminium Laboratories 
Ltd, Kingston, Ont, Canada 
TP 4460E. Manuscript, Sept. 13, 1956 
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tance of the individual roles played by the gas and 
the discontinuities was not so well established that 
positive methods for control of blistering were at 
hand. It was the object of the investigation to learn 
more about the nature of the discontinuities giving 
rise to blistering and to develop methods of control 

The investigation was carried out in three stages 
a follows: 

a) A study of the more commonly used methods 
of removing hydrogen from aluminum, such as flux- 
ing and holding, and their effects on blistering 

b) Location of the discontinuities giving rise to 
blistering 

c) <A study, by indirect methods, of the move- 
ment of gas in the metal and its effect on blistering, 
and the development of methods of blister control 
during fabrication 

Removing Gas and Reducing Blistering by Flux- 
ing or Holding ——The work of removing gas and re- 
ducing blistering by fluxing or holding wa 
out on metal of Alean 2S (1100) composition with 
an artificially high gas content. The high gas content 
was obtained by introducing water into the melt 
prior to casting; the water reacted with the alumi- 
num forming ALO, and hydrogen. The procedure 
was to raise the gas content by introducing water 
into an aluminum melt and using half the melt to 
cast one ingot immediately. The remaining metal 
was treated again with water to make up for the 
reduction in gas content during holding, while the 
first ingot was being cast, and then given a fluxing 
or holding treatment and cast into an ingot. Sample: 
for gas determination were cast from the molten 
metal before and after the gassing operation; before, 
after, and during fluxing, and while casting. Samples 
were also cut from sections of the ingots. Gas deter- 
amples using the 


carried 


minations were made on these 
well known vacuum fusion technique. All ingot 
were hot rolled at 500°C to 0.250-in. slab which, in 
turn, was cold rolled to 0.040 in. sheet. The sheet 
was coiled and annealed for 2 hr at 500°C and then 
cut into 5-in. squares which were inspected for 
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blisters. One or more blisters on either surface of a 
square was sufficient to classify it as scrap 
Invariably the initial ingots cast from the melt: 
just after the gassing operation had a high level of 
gas (in the order of 1.7 to 2.7 ml per 270 g) and an 
extremely high tendency to blister (100 pet scrap). 
Fluxing the melts with chlorine, nitrogen, or argon 
in the temperature range 680° to 750°C 
tive in reducing the gas content to a low level (in 
the order of 0.20 to 0.50 ml per 270 g) and the 
blistering to a low level (0 to 4 pet scrap). Fluxing 
tools that gave multiple streams of small fluxing gas 
bubbles were also more effective than tools that 
emitted a single stream of larger bubble Solid 
fluxes, such as hexachlorethane, acted similarly to 
gaseous fluxes in reducing both gas and blistering 
Although without exception it was possible to re- 
duce the gas content of the melts to a low level it 
did not always follow that the blistering would be 
entirely eliminated. In seeking the reason for thi 
it was found that in cases where the gas was re- 
duced to a low level and there was still some blister- 
ing, the ingot contained an appreciable amount of 
hrinkage porosity. In the cases where the blistering 
was eliminated there was very little, if any, shrink- 


was etfec- 


age porosity in the ingot 

Identification of Ingot Discontinuities Giving Rise 
to Blistering—Microsections of blisters, Fig. 1, from 
annealed sheet howed the 
blisters to be expanded discontinuities 
lying in a plane parallel to the surface of the sheet 

The appearance of these discontinuities 
that they had their origin in shrinkage cavities or in 


were prepared and 
lamellar 


uggested 


Table |. The Effect of Preheating Time and Temperature on Gas 
Content and Blistering of Alcan 2S (1100) Aluminum Alloy 


reheating Temperature, 
Time at 
Temperature, Hr 


* Original in t gas mil p 
Gas cor of ingot after preheatir 


t Pet blister scrap 


content 


Section of 
were 


entrapped oxide particles in the ingot 
tilt mold and direct chill cast sheet ingot 
examined using radiography and ultrasonic reflecto- 
cope techniques and following this a metallographic 
examination was carried out in areas indicated to 
contain defects. In nearly all case 
a high tendency to blister many discontinuitie 
located in the nondestructive testing, and metallo- 
graphic examination showed them to be shrinkage 
cavities. In ingots with little tendency to blister 
very few discontinuities could be located. It wa 
also noted that in the case of tilt mold ingots the 
were usually quite large and the 


where ingots had 
were 


hrinkage cavitie 
blisters on the sheet produced from these ingot 
were large. On the other hand, direct chill cast 
ingots had, on the whole, much hrinkage 
and the resulting blisters on the sheet 


maller 


cavities, 
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rolled from these ingots were quite small. This re- 
lationship between ingot porosity and blistering 
shown in Fig. 2 

During the examination of the ingot sections very 
few oxide inclusions were observed and it ap 
peared that shrinkage cavities in the ingot were the 
main blister-raising discontinuities. However, oxide 
inclusions could not be discounted completely be- 
cause the methods used to examine the section 
were such as to detect readily shrinkage cavities 
whereas oxide inclusions were more difficult to de- 
tect. The X-ray method, in particular, 
hrinkage cavities but was practically useles in 
locating oxide, unless it had associated porosity 
This is because the X-ray absorption coetlicients for 
aluminum and it 


located 


oxide are almost identical 

To go a step further in this part of the investiga 
tion, sections of tilt mold and direct chill cast ingot 
were tested by means of ultrasonics and radiography 
and porosity in the ingots wa 
Using the 
trace the ingot porosity through the variou tape 
of sheet production and to observe blister 
during annealing at the site of the porosity, which 
had, during the course of fabrication, become a lam 
ellar discontinuity 


accurately located 
ame testing methods it was possible to 


forming 


While the examination of production ingots to 
identify the blister-raising discontinuities was unde 
way, 4 separate investigation to evaluate the effect 
of the variables in the direct chill casting process on 
the quality of sheet ingot and, in particular, the 
blistering was completed. An examination of sec 
tions of ingot from thi 
determine the reasons for the variation in blistering 
Nondestructive testing methods failed in this ca 
to locate the discontinuities, and it was necessary to 
use density determination 
the sections. The measurements were made on 3/4 
in. xX 4/16 in. x 6 in. sections cut side by 
the width of the ingot. Density patterns were plotted 
for the individual sections and ingots which had a 
high tendency to blister had regions of low density 
that corresponded with the 
raising discontinuitie 
were then carried out on the 


program was carried out to 


to locate the porosity in 


ide acro 


ource of the blister 
Metallographie examination 
ections with low 
density and considerable microshrinkage was found 
In most cases to account for this low density 

At this stage in the investigation of blistering the 
relative importance of pa hrink 


considered to have been estab 


in the ingot and 
age porosity wa 

lished. The finding 
cepted view that both ga 
ties were required for the formation of blisters, but 
in addition went a step further and pointed out the 
marked importance of the discontinuity (in this case 
microshrinkazge ) 
Ingot 


agreed with the generally «ac 
and internal discontinul 


factor in controlling blistering 


with widely varying gas content pave variou 


Fig. 1—Cross section 
of typical blister in 
Alcan 25 (1100) 
aluminum sheet 
Note the expanded 
lamellar discontinu 
ity resulting in the 
raised portion on the 
surface of the sheet 
As-polished. X40 
Reduced approxi 
mately 25 pct for 
reproduction 
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Fig 2 


LEFT Radiograph of section of ingot showing porosity and the location of rolling ingot R-190 and microsection R-189 


in relation to the discontinuity CENTER: Micrograph R-189 as polished, showing details of porosity, X100. RIGHT: Photograph 
of section of sheet rolled from ingot R-190 showing the blistering XI 


ot the 
ingot. An ingot could have the lowest possible ga 
to obtain and still have a 
to blister because of ingot unsoundne On 


levels of blistering de pr nding on the soundne 


level it was practicable 
tendency 
the other hand, an ingot with a much higher level of 
to blister due to a 


free from coarse micro- 


‘os could have a slight tendency 
er ound in tructure 
hrinkage. A large measure of control could also be 
and distribution of the 


in the casting con- 


exerted over the extent 
mpot microshrinkaye by change 
dition 

Gas Diffusion and Methods of Blister Control Dur- 
ing Fabrication The third stave of the investigation 
wus concerned with a study of gas diffusion in an 
ingot by determining the effect of fabrication vari 


ible uch as preheating and interannealing, on the 


Table Il The Effect of Slab Annealing Time and Temperature on 
the Gas Content and Blistering of Alcan 25 (1100) Aluminum Alloy 


Annealing Temperature, 
Time at 
Temperature Ue ier 


as content and the blistering. Admittedly, this wa 
diffusion, but then 
whereby the actual move- 


im indirect way of studying ga 
ne direct method exust 
ment of gas through a metal can be observed. Ebor 


il and Swain’ showed that it was possible to remove 


hydrogen from bra ingots during preheating and 


annealing. In this case the hydrogen gas was caused 
to diffuse out of the ingot prior to the stage in which 
the ingot was rolled to light gage sheet and blister- 
vented. It 


that similar treatment 


ing Was pre eemed reasonable to expect 
might be effective in reduc- 
content of aluminum and possibly the 
blistering. Eborall and Ransley’ demonstrated (in 
their work on the Al-Mg alloys) that hydrogen dif- 
there was an- 


the 


fused readily in aluminum. However 
other consideration in attempting to diffuse hydro- 
ven out of aluminum and that was the barner to 
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diffusion which existed at the surface of the metal, 
in the oxide film. Smithells and Ransley* and Russell 
howed the marked effect of the surface oxide film 
in retarding the permeation of hydrogen through 
aluminum 

Preheating and Interannealing periments were 
designed to determine the effect of preheating and 
interannealing on the gas content and blistering of 
$%, in. x 9 in. x 36 in. direct chill cast ingots in 
Alcan 2S (1100) alloy composition. All ingots were 
cust from metal with a high gas content to ensure a 
marked tendency to blister. The high gas content 
was produced, as in the work on fluxing, by intro- 
ducing water into the melt. The procedure was to 
hot roll the ingots at 500°C to 0.250 in. slab, cold 
roll the slab to 0.040 in. sheet, coil the sheet and 
anneal it for 2 hr at 500°C, and then to cut it into 
) in. squares (there were approximately 70 5 in 
quares of sheet from each ingot) which were sub- 
equently inspected for blisters. One or more blisters 
on either side of a sheet was sufficient to classify it 
as scrap. In the case of the preheating experiments, 
the ingots were preheated before hot rolling; in the 
case of the interannealing experiments, the ingot 
were hot rolled and the interanneals carried out on 
the hot mill slab 

Each experimental lot consisted of four ingots 
Two gas samples were taken from each ingot prior 
to preheating and two after preheating. In the case 
of the interannealing experiments eight gas sam- 
ples were taken at various positions in the slab from 
each ingot before and after annealing 

Typical results for the preheating and the inter- 
annealing experiments are presented in Tables I 
and Il, respectively 

Considering first the results of the preheating ex- 
periment it is apparent that, although preheating 
reduced the gas content up to 17 pet at 500°C, it 
had little effect on blistering. It was not until a tem- 
perature of 550°C was reached and the loss in gas 
was of the order of 70 pet that the blistering was re- 
duced. At a temperautre of 600°C, when the reduc- 
tions in gas were of the order of 80 to 90 pct, the 
blistering was reduced considerably. It is evident 
that at temperatures of 550 C and less the diffusion 
of gas from the ingot is slow and that only at tem- 
peratures of about 600°C can the ingot gas content 
be reduced in a reasonable length of time. Since a 
reduction in blistering takes place it would also in- 
dicate that there is a reduction in ga 
the discontinuities; that Is, if gas has 
free surfaces in the ingot it now dissociates and dif- 


content at 


eparated at 
fuses out of the ingot 
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The results of the interannealing experiment: 
were similar to those of the preheating experiments 
inasmuch as it was possible to reduce the gas con- 
tent and the blistering of the slab by annealing 
However, the time at temperature was shorter and 
the temperature lower for any specific reduction in 
blistering. This could be reasonably accounted for 
on the basis of the shorter path over which the ga: 
was required to diffuse to reach the atmosphere 
There was also the possibility that the oxide film on 
the hot mill slab was more porous than that on a 
cast ingot and offered less of a barrier to the diffu- 
ion of the gas from the slab. 

Cold Reduction of Ingots Prior to Heating —In 
production, increased blistering had been experi- 
enced after preheating. An explanation for thi 
could be found if the gas in the cast ingot were con- 
idered to be in solid solution and not separated on 
internal free surfaces as suggested by Ransley.’ 
Under these conditions, any heating of a cast ingot 
into the temperature range 450° to 500 C, where 
gas diffused readily through the aluminum lattice, 
would allow the gas to separate on the internal dis- 
continuities (these should be free of any oxide film 
on their surface). At the same time the gas would 
tend to diffuse out of the ingot, but this would be a 
much slower process due to the longer path over 
which the gas would have to diffuse and the re 
istance to diffusion offered by the external oxide 
film. This being the case, an ingot preheated 8 hr at 
5935 C would have much the same total gas content 
4s an as-cast ingot but, instead of the gas being in 
olid solution, part of it would now be separated a 
molecular gas at internal free surfaces. The ga 
separated at discontinuities would prevent the dis- 
continuities from being welded shut during rolling 
and result in a lamellar gas-filled discontinuity in 
the finished sheet which would form a blister during 
annealing 

The blister-raising discontinuities had been iden- 
tified as mainly shrinkage cavities in the early stage 
of the investigation. This being the case, and consid- 
ering the above mechanism of gas diffusion to be 
operative, the possibility of removing these discon 
tinuities by cold rolling prior to any heating sug 
xested itself. If, as postulated, the cavities were ga 
free, they could be expected to weld shut during a 
cold rolling operation 

To test this theory an experiment wa 
in which cold rolling of an ingot was compared with 
hot rolling. One half of a high gas ingot was cold 
rolled and the other half hot rolled at 500°C. The 
cold rolled ingot was reduced 65 pet and the result- 
ing sheet contained no blisters. The sheet from the 
hot rolled ingot, which was also reduced 85 pet, had 
approximately 1000 blisters. Since gas analysis on 
the ingots before cold rolling and on the slab after 
rolling showed the same gas content the experiment 
indicated that the cold rolling had removed the site 
where gas separation normally took place and re 
ulted in blistering. A further proof of this was sup- 
plied by ultrasonic inspection tests which were cat 
ried out during the course of the experiments. In 
ternal defects were detected in both ingots prior to 
rolling. They disappeared in the ingot which wa 
cold rolled, but persisted in the ingot which was hot 
rolled through to the sheet stage and resulted in 
blistering 


conducted 


A series of experiments was conducted to deter- 
mine the amount of cold reduction necessary to re- 
duce blistering. In these tests high gas ingots were 
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SCRAP (PERCENT BY WEIGHT 


30 40 60 ro 
COLD REDUCTION (PERCENT) 


Fig. 3—Relationship between cold reduction and blistering 
for Alcan 2S (1100) aluminum alloy 


used and were given varying cold reductions. After 
the cold reduction, the ingots were hot rolled at 
500° C to 0.250 in. slab, which was in turn cold 
rolled to 0.040 in. sheet, annealed, and inspected for 
blisters. The results of these experiments are shown 
in Fig. 3. 

During the course of this work two ga 
were taken from each cast ingot, four from the slab 
after cold reduction and four from the slab after hot 
rolling, On analysis of these samples it was found 
that the gas content of the material did not chanype 
during fabrication 

The tests showed quite clearly that cold reduction 
of the order of 40 pet were sufficient to reduce bli 
tering to a very low level. This reduction in blister 
ing was attributed to a closing up of ingot shrinkage 
during cold rolling, with the resultant re 
might 


ample 


cavitie 
moval of free surfaces on which pa 
from solid solution. The gas analysis result 
out any possibility that the reduction in’ blistering 
was due to a drop in the gas content during fabrica 


eparate 


tion 
To complete this phase of the investigation a 
eries of tests was carried out in which ingots were 


heated to 500 C for ‘s hr and then cooled to room 


temperature, before being given cold reduction 


varying from 10 to 80 pet. In these tests the cold 
had no effect in reducing blisters, It ap 
peared that in a '» hr at 500°C pa 
eparated at internal discontinuities and that cold 
eparation had taken place 
hut the cavitie 


reduction 
hort a time a 


reduction, after this pa 
was no longer effective in welding 
The film of gas between the two 
them 


urftace of the 


cavity probably prevented from welding 
during the rolling 

Since cold rolling (rolling with the ingots at 
room temperature, approximately 25 C) produced 
no blistering and hot rolling at 500 C produced a 
great deal of blistering, it was to be expected that 
in this termperature range (25° to 500 C) there 
would be a transition temperature below 


which ap 


which 
little blistering would occur and above 
preciable blistering would occur. This temperature 
would correspond to that at which the diffusion of 
become 


gus to internal shrinkaye caviti rapid and 


the cavities would be filled in a short period of time 
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4 ¥ 
TERMS 
Fig 4 Relationship between rolling temperature and blister 
ing of Alcan 25 (1100) aluminum alloy 
fests were conducted to determine this transition 
temperature. In these tests the ingots were rolled 
it temperatures from 20° to 500°C, as indicated 
in Fi 1. to 0.250-in. slab. The slab was then cold 
rolled to 0.040-in. sheet, annealed, and inspected 
for blister lhe results of these tests are presented 
in Fig. 4 


Phi raph shows quite clearly that in the tem 


perature range Ooo to 400 C there ts a marked in 


crease im blisterin As mentioned previously thi 
is attributed to the fact that, at these temperature 

the pas mm solid solution in the metal diffusing to 
the internal shrinkage cavities at ich au rate that 


the cuvitte become filled with wa rm othe hort 
time required to bring the ingot to these tempera 
tures (4% to l br). Eborall and Ransley® report rapid 
as diffusion in Al-Mg alloys at a temperature of 
100 C and it appears quite probable from these re 

ults that for Alean 2S (1100) alloy, internal ga 
diffusion proceed ery ipidly at temperature 

even below 400°C. The blister serap figure for curve 
(C'W-1l is higher than that for curve CW-2 and 
('W up to a temperature of 300°C. In determining 
the reason for this it was found that the ingot 
used in this test had, in addition to normal shrink 
ape porosit ome gas porosity very close to the sur 

face. This porosity was in the form of pherical 
cuvitte Since these cavities contained was precipl 
tated during casting it was not to be expected that 
rolling at low temperature would have any effect 
on reducing blistering from thi ource. This curve 


hows a rapid rise in blistering when the tempera 


ture i eached where gas precipitation to hrinkage 


cavities takes place. In this respect it is very immalar 


to curves CW-2 and CW-3 


Summary and Discussion 


lhe initial investigation of the problem of blister 
in which consisted of experiments using conven 
tional fluxing techniques for the removal of gas and 
reduction of blistering, gave results that were In 
avreement with previously published work on thi 
ubject. It was possible to reduce vreatly the amount 
of vas in the liquid metal prior to casting and, in so 
doing. to reduce markedly the tendency to blister 
In addition, it was observed that, although fluxing 
reduced the gas content of the molten metal to a 
very low level, it did not necessarily follow that the 


blistering would be reduced to zero The reason for 
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this became apparent during the second part of the 
blister-raising discontinul- 
ties in the ingot were identified as shrinkage cav!- 
ties. It was observed that ingots with quite low ga 
would blister if there was microshrinkage 
a center for gas separation. On the othe: 
hand. ingots with quite high gas content had little 
tendency to blister if they were free of microshrink- 


investigation when the 


content 


to act a 


age, particularly near the surface 

The later stages of the investigation, which were 
directed toward the development of remedial mea- 
ures to be used during fabrication, proved to be the 
most rewarding from the point of view of offerings 
new methods of blister control and a fairly clear 
explanation of the proce of blister formation 

In the development of a theory to explain the 
proce of blister formation there is a limitation In 
the fuct that the all important movement of the 
hydrogen through the metal lattice cannot be ob- 
move 


erved directly. Indirect indications of the 


uch as a change in total gas con 


in blistering, must be relied upon 


ment of the ga 
tent or change 

The results of the experimental work 
venerally accepted theory of blister formation, based 
on gas diffusion and urface 
within an ingot where large pressures are built up 
which result in blistering during annealing More- 
eparates in the 


ipport the 


eparation on free 


over. the free surfaces on which ga 


ingots have been identified as shrinkage cavitie and 
pecial fabricating techniques have been devised to 
overcome blistering 

umed that the direct chill 


appreciable gas to escape 


It is quite often a 
casting proce allow 
from the liquid metal to become entrapped as ga 
bubbles in the solidifying casting. A mentioned 
Ransley” has suggested that this Is not 
work would sub- 


previously, 
the case and the results of thi 
tuntiate his views. Although the gas 1 
oluble in the solid metal than in the liquid metal, it 
does not follow that it Is re jected automatically to 
the liquid on freezing. It is held in the olid initi- 
to the liquid and 


much le 


ally and whether or not it passe 
leads to porosity depends on the rate of diffusion ot 
the gas in the solid in relation to the rate of advance 
of the freezing front. For Alean 25 (1100) aluminum 
alloy it appears that under normal direct chill cast- 
ing conditions the greater part of the gas is in solid 
olution in the as-cast ingot 

Given an as-cast ingot with hydrogen in solid 
olution and with some shrinkage porosity to act 

eparation it would appeal! 
work that the mechanism of 

would be that, during the 


as a free surface for ga 
from the results of thi 
the formation of blistet 
preheating of the ingot or during heating for hot 
rolling. the hydrogen in solid solution diffuses to 


hrinkage cavities and separates, probably as mole- 
cular gas. This diffusion and separation takes place 
rapidly at a temperature of 300° to 400 °C, as indi- 


cated by the experiments to determine the effect of 
hot rolling temperature on blistering 


range merely allow 


Prolonged 
heating in this temperature 
more gas to separate and increase the blistering In 
the final sheet. During the hot rolling the ga -filled 
hrinkage cavities are rolled out into ga -filled 
lamellar discontinuities in the slab. The film of ga 
between the two surfaces of the discontinuities 1 
ufficient to prevent the welding of the two urface 
during rolling. The cold rolling of the slab to heet 
erves to reduce the thickne of the material and 
in effect to bring the lamellar ga -filled discon- 
tinuity closer to the surface of the sheet When the 
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heet is annealed the gas in this discontinuity, which 
is under high pressure, is expanding and at the same 
time the strength of the material is falling. This re- 
ults in deformation outward of the surface of the 
cavity and formation of a blister on the surface of 
the sheet. As stated previously in the introduction, 
this is a conventional theory of blister formation, 
which is supported by the results of this work, in- 
asmuch as the ingot discontinuities were located 
nondestructively and followed through the various 
tages of sheet production to the actual formation of 
the bliste: 

Additional indirect support for this theory of 
blister formation was also obtained in the experi- 
ments on cold rolling of as-cast ingots and its effect 
on blistering. If the mechanism of blister formation 
presented above it was reasoned that the 
where ga 


Wa a 
removal of the internal free surfaces, 
might separate, would prevent the separation of the 
vas and reduce blistering. Since the initial work had 
hown these internal free surfaces to be shrinkage 
cavities the problem became one of removing them 
at some temperature below that at which gas would 
readily diffuse to them. Rolling of ingots at room 
temperature proved to be a successful method of 
removing the cavities and of reducing blistering 
The actual closure and disappearance of the cavitie 
followed with the ultrasonic re 
ectioning and 


during rolling wa 
flectroscope and also by means of 
microradiography. The reduction in blistering wa 
dependent on the amount of cold reduction given to 
the ingot up to approximately 40 pet reduction, at 
which point the blistering was reduced to approxi- 
mately zero 

The immediate explanation of the effect of thi 
cold reduction on blistering is a simple one, based 
on the observed fact that the shrinkage cavities In 
the ingot were being removed by the cold reduction 
and this prevented blistering. The gas-free shrink 
age cavities apparently cold welded and thus re 
moved free surfaces where gas might precipitate and 
cause blistering 

The later tests to observe the effect of rolling 
temperature on blistering indicated that at tem- 
up to 300°C the diffusion of gas to 
low and that it might not be 
reductions at 


perature 
hrinkage cavities wa 
necessary to give the ingot 
room temperature, but that rolling at temperature 
up to 300 C might be satisfactory. However, no ex- 


heavy 


periments were conducted to investigate cold rolling 
effects in the temperature range 30° to 300°C 

The concept of essentially gas-free shrinkage 
cavities in an as-cast ingot was further supported 
by the experiment to determine the effect of cold 
reductions on blistering on a preheated ingot. In thi 
case the short time required to raise the temperature 
of the ingot to 500°C was sufficient to allow the ga 
to diffuse and separate to the cavities. Once the ga 
had separated no amount of cold reduction would 
then remove the cavities since the film of gas pre- 
umably prevented cold welding of the adjacent 
faces of the laminate. This left the slab with free 
urfaces on which gas had separated and on which 
more gas could separate, giving rise to blister 

Although the above explanation for the effect 
of cold reduction of as-cast ingots on blistering ha 
been presented as being the most probable from the 
observed facts, another explanation 1 
idered and experiments are under way to obtain 


being con 


ome experimental data to support it 
This alternative explanation takes into account 
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the fact that cold rolling has introduced many dis- 
locations in the metal and, possibly, for this mate 
rial has also introduced the maximum number of 
dislocations in the region of 40 pet cold reduction 
The dislocations are considered as sites where gas 
separation may take place from solid solution, pos 

ibly to the extent of one or two gas molecules pet 
dislocation. The extremely large numbers of dis- 
locations in the material could conceivably accept 
all the gas from solid solution, A situation could thus 
exist in which the gas in the metal could be precipi 

tated at a large number of sites in amounts too 
mall to be of consequence in the formation of 
blisters. In such a case other free surfaces in the 
ingot would not play a part in blistering, since 
the gas would be tied up at the dislocations and 
would not be free to move to alternative free sul 

faces. This theory would not require the removal of 
the free surfaces presented by shrinkage cavities 
during rolling in order to explain the disappearance 
of blisters. The introduction of a large number of 
uffice. If the 
eparating on dislocations | 


dislocations during rolling would 
above theory of ga 
correct, the prec ipitated a molecules could be ex 
pected to hinder the movement of dislocations This 
problem is at present under study 

This work ha 
roles played by gas and 
formation of blisters in rolled aluminum and ha 
hown the rate of lattice diffusion of gas atoms to be 
very high. Conventional methods for the removal of 
vas from metals by fluxing have been found to be 
effective in reducing blistering. However, the effec 
hown to depend 
from the metal 


indicated the importance of the 


hrinkage cavities in the 


tiveness of such methods has been 


not only upon the removal of pa 


but also on the ubsequently 


oundness of the ingot 


cast from the treated metal, Ingots with micro 


hrinkage, particularly near the surface, are prone 
to blistering even at low gus levels, unle 


techniques are employed during fabrication 


pecial 
Such 
techniques are 

1) Preheating of ingots for 24 hr and longer at 
temperatures above 550°C. This has the effect of 
lowering the gas content 

2) Interannealing hot mill lab at temperature 
above 500°C for periods of 6 hr or longer This also 
lowers the gas content 

3) Reducing the ingots 40 pet at or near room 
temperature, followed by 
cedures. This has the effect of removing the free 


normal fabrication pro 
urfaces where gas may separate in the ingot 

The last method proved to be the most effective in 
reducing blister 

In searching for an explanation of the effective 
ne of the cold rolling treatment in reducing bhi 
tering, the possibility of dislocation 
in the proce has been suggested. Thi 


playing a role 
point will 


bear further investigation 
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Abrupt Yielding and the Ductile-to-Brittle 


Transition in Body-Centered-Cubic Metals 


The relationship of brittle fracture to the early stages of plastic deformation, par- 
ticularly pronounced yielding, was examined in detail. Both abrupt yielding and brittle 
fracture are preceded by appreciable amounts of nonelastic strain. Abrupt yielding and 
the transition from a ductile-to-brittle behavior are shown to be closely related to one 
another and to a common origin. A mechanism for abrupt yielding and the ductile-to 
brittle transition which ts in good agreement with experimental data is presented. 


by E. T. Wessel 


NEXPECTED brittle failures of metals in prac cause metals of this structure exhibit a strong de- 
U cal applieations are a serious problem to many pendence of yield strength upon temperature and 
industries and to the nation as a whole. Consider the rate of straining. The generally recognized 
able effort has been devoted to studies of the brittle qualitative concept of the ductile-to-brittle transi- 
behavior ino metal However, the major portion of tion is that brittle (cleavage) failure occurs when 
this effort has been directed at developing technique the vield strength exceeds the cleavage fracture 
and apparatus for the purposes of determining the trength. This condition can apparently be achieved 
usceptibility of metals to brittle fathure and of by decreasing temperature or increasing strain rate 
making various types of observations of the phe Likewise, a normally ductile metal can be made to 
nomena, Relatively minor effort has been made t fracture in an apparently brittle manner by the 
understand the basic mechanisms involved in initiat introduction of triaxial stresses (notches) where the 
ne brittle failure A more complete understanding ratio of normal to shear stresses can be increased 
of the nature and mechanism of the brittle failure to such an extent that the normal stress exceeds 
problem would be very helpful in effort directed the fracture strength before the critical shear stress 
toward predicting and avoiding brittle failure and for plastic flow is achieved. Neither of these con- 
toward the development of suitable materials and cepts require any prior plastic deformation or ex- 
designs that are not susceptible to a brittle behavior plain why the observed fracture strengths are so 
The intent of the present investigation ts to acquire much less than the theoretical cohesive strength 
this basic understanding The results of several investigations of the ductile- 
The pronounced transition from a ductile-to-brit- to-brittle transition in body-centered-cubic metals 
the behavior is most prevalent in metals having the illustrate rather conclusively that measurable 
body-centered-cubic lattice structure, primarily be- amounts of nonelastic deformation do precede cleav- 
age fracture, even at extremely low temperatures 
—£ T WESSEL is @ Research Engineer, Metallurgy Dept, West These studie uggested that the early stages of 
inghouse Research Laboratories, Churchill Borough, Pittsburgh 


TP ASOlE 31. 1956 plastic flow, particularly abrupt yielding, and thei: 
45 anuscrp ug 


relationship to brittle fracture should be examined 
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Table |. Identification of the Metals Studied 


Metal 


Rimmed structural steel 


Molybdenum 


Tantalum 
Lot No. 1 


Columbium 


* Supplier analysis 
Westinghouse analysis 


024 C, 045 Mn, 0.02 Si 
0013 P, 0.0485 S, 0.12 Ni 
008 Cr, 021 Cu ASTM No 
0.007 ¢ 
oo12g N 
oo02 0 


0010 C, OO1O N 
999 Ta ‘estimated 


o10 ¢ 0.50 Ta, 004 Ti 
002 Si, OO1 Fe 1200°C in a vacuum 
ool ¢ ) 
N 

0020 0 


Composition, Wt Pet Condition 


As rolled 


250 grains per sq mr 


Annealed ‘y hr at 
1250°C in hydrogen 
1000 grains per sq mr 
ASTM No 7 
Annealed 1 hr at 
1700°C in a vacuum 
of 5x10 ° mm of He 
100 grains per sq mr 
ASTM No. 6 

Annealed 2 hr at 


of mm of He 
4 grains per sq mm 
ASTM No. 00 


in more detail. The present paper summarizes the 
results of such studies and relates the various factors 
involved in the early stages of plastic deformation, 
particularly abrupt yielding, with the transition 
from a ductile-to-brittle behavior. Basic concepts 
which are in good agreement with the experimental 
data are developed using dislocation theory 

Experimental Data—To understand the funda- 
mentals of the ductile-to-brittle transition, it is 
necessary to consider such factors as the tempera- 
ture dependence of the yield and flow stresses, the 
mechanism of the sharp discontinuous yield be- 
havior, and the nature of the pre- and _ postyield 
plastic flow. Data illustrating these pertinent fac- 
tors concerning the early stages of plastic flow for 
some body-centered-cubic metals exhibiting a sharp 
yield and a ductile-to-brittle transition are pre- 
sented in Figs. 1 to 4. The various properties shown 
in Figs. 1 to 4 are defined in Figs. 5 and 6. The 
various symbols, Figs. 1 to 4, are altered in the tem- 
perature range below the sharp break in the curve: 
(transition temperature) to denote brittle fracture 
A more complete presentation of other data on two 
of these metals, steel, Fig. 1, and tantalum, Fig. 3, 
may be found in the literature.’’ The testing tech- 
niques and apparatus used in these experiments 
have previously been reported.’"* Pertinent infor- 
mation regarding the metal’s condition, composition, 
etc. is shown in Table I 

Description of Mechanisms —— The increased resist- 
ance to initial plastic deformation with decreased 
temperature as illustrated by the pronounced tem- 
perature dependence of the yield strength has prob- 
ably been best explained as being due to the anchor- 
ing of dislocations by impurity atmospheres, as de- 
cribed by Cottrell’’ and elaborated on by Fisher." 
Certain detailed aspects of the temperature depend- 
ence of the yield and flow strengths of body-cen- 
tered-cubic metals cannot be adequately explained 
by the dislocation anchoring concept. However, a 
complete understanding of the exact mechanism 
governing the initial movement of dislocation 
through the lattice is not essential to the abrupt 
vield and fracture concepts to be developed in this 
papel 

The original Cottrell" concept of abrupt yielding 
assumes that stresses aided by thermal fluctuations 
enable small dislocation loops to break away from 
anchoring impurity atmospheres and that the nucle- 
ation of the first dislocation loop is the beginning of 


pronounced yielding. During the subsequent exten- 
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sion of a loop or loops, other dislocations are caused 
to break away from their atmospheres, resulting in 
catastrophic yielding. Since thermal fluctuations de- 
crease with decreasing temperature, greater ex 

ternal stresses are required to tear the dislocations 
away from their anchoring atmospheres; hence, the 
temperature dependence of the yield strength. This 
concept of sharp yielding as being a breaking away 
of dislocations from their anchoring atmospheres 
requires no prior plastic strain except, possibly, that 
extremely small amount when the initial small dis- 
location loops are tearing away from their atmos 

pheres. The possibility of some additional very small 
amount of nonelastic strain prior to pronounced 
uggested by Cottrell,’ Fisher,” 
Some experimental evidence 
substantiating the existence of mall amounts 
(~10°) of preyield plastic strain has been reported 
in the literature. The delayed yield experiments of 
Vreeland, Clark, and Wood” indicate that measur 

able amounts of both anelastic and plastic strain 
occur before abrupt yielding. Other observations 
of these small amounts of plastie 
upper yield point have also been reported.” The 
data given by Geil and Carwile™ illustrate fairly 
train occurring be 


yielding has been 
Stroh,” and others 


train prior to an 


appreciable amounts of plastic 
fore the upper yield point in ingot iron. However, 
the experimental data presented in Figs. 1 to 4 and 
summarized in Fig. 7 show that a considerable 
amount of plastic strain (~0.1 to 1.0 pet, 10° to 10°) 
precedes the sharp yield (upper yield point) in an 
assortment of body-centered-cubic metal: 

To account for the large amounts of preyield plas- 
tic strain observed in the current experiments, it is 
necessary to assume that many dislocations must be 
moved through the lattice prior to a sharp yield. It 
is probable that dislocations are originally pinned 
by a Cottrell’ atmosphere, but some start to tear 
uway at stresses which are even lower than cur- 
rently measurable elastic limits. As the stress rises 
above the elastic limit, increasing numbers of dislo- 
cations move through the lattice. These dislocations 
propagate until they are piled up at grain bound- 
barriers, ubgrain boundaries, 
other dislocation groups, 


ari or other 
hard particles or phases, 
etc 

The amount of preyield plastic strain observed is 
about that which could be associated with the ac- 
cumulated effect of many moving 
through the lattice and subsequently being piled up 
Based on the 


dislocations 
at grain boundaries or other barriers 
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+. 
Fig. | —Factors in 
volved in the early 
‘ stages of plastic 
: flow. Mild steel 
err’ tested in tension; 
strain rate, 2.1 «x 10 
04 
sec 
i 


\ Fig. 2—Factors in 
‘ volved in the early 
stages of plastic 
flow. Recrystallized 
molybdenum tested 
m tension, strain 


rate, 18x«10° 


sec 


‘iw 


Fig. 3—Factors in 
volved in the early 
stages of plastic 
flow. Annealed 

tantalum tested in 
tension, strain rate, 


28x 10° sec 
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expression’ « — pLb, with « equal to observed plastic 
train; p, dislocation density; L, length over which 
the dislocations move, assumed to be one half the 
vrain diameter; and b, Burgers’ vector; it appears 
that, on the average, about 1000 piled-up disloca- 
tions per grain would be necessary in the case of the 
mild steel to account for the amount of preyield 
train which was obtained at 196°C. Assuming 
approximately 300 dislocations per source, the ob- 
erved preyield plastic strains indicate that an av- 
erage of from one to three dislocation groups pe! 
vrain are piled up at barriers prior to abrupt yield- 
ing. On the basis of current dislocation theory, these 
approximations appear reasonable 

As a result of the piling up of dislocation groups 
at barriers and the accompanying increase in the 
yveneral applied stress level, high stress concentra- 
tions are developed in the regions of the pile-up 
The abrupt yield now becomes associated with the 
relaxation of these stresses at piled-up groups by 
the activation of new dislocation sources in adjoin- 
ing material and, to a lesser extent, the continued 
propagation of the piled-up dislocations. The 
achievement of the necessary critical stress concen- 
tration in the immediate vicinity of a piled-up dis- 
location group and the resulting activation of plas- 
tic flow in adjoining material are given the descrip- 
tive terminology of being a breaking through or a 
breaking away of the piled-up dislocation group 
from its barrier. Once this break-through occurs in 
a few localized regions, the relaxation in the vicinity 
of the break-through causes higher microstresses 1n 
neighboring piled-up groups, triggering a general 
cataclysmic yielding and the associated drop in load 
A schematic illustration of the early stages of plastic 
flow for temperatures above the transition tempera- 
ture is given in Fig. 5. The rounded upper yield 
point which is shown lightly exaggerated in Fig. 5 
is believed to be indicative of the incubation or con- 
ditioning period where a few piled-up dislocation 
vroups are starting to break away from their bar- 
rie! The abrupt catastrophic yield then occur 
after sufficient break-through momentum has been 
developed during this conditioning period. The de- 
vree of rounding (or sharpness) of the upper yield 
point has been observed to vary considerably, de- 
pending upon the particular metal, its chemical and 
metallurgical condition, and the temperature and 
tress levels at which the yielding occurs. However, 
in nearly all cases of pronounced yielding which 
have been observed, some degree of rounding of the 
upper yield point is present. Exception is made in a 
few cases where very sharp upper yield points were 
obtained in some metals tested at 4.2°K." Stress- 
train curves obtained in an earlier investigation” 
illustrate that the degree of rounding (or sharpness) 
of the upper yield point is not a unique function of 
the test machine or recording apparatus 

At low temperatures where cleavage failure is 
observed to occur during yielding, the mechanism 
involved in yielding must be somewhat different 
from that just described for the higher tempera- 
ture A schematic representation of the subtransi- 
tion temperature behavior is given in Fig. 6. At 
these lower temperatures, higher stresses are nec- 
essary to cause the movement of dislocations both 
in the first and subsequent grains or regions to 
vield. Likewise, because of the increased resistance 
to plastic deformation, higher localized stresses are 
required te enable piled-up dislocations to break 
through or away from barriers (upper yield point) 
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As a result, very high localized stresses can exist 
in front of some groups of piled-up dislocations 
These stresses can be sufficiently high to exceed the 
fracture (cohesive) strength and to open up a crack 
in unfavorably oriented and adjoining material 
much in the manner described by Zener,” Petch,” 
Stroh,” and recently by Alers.” Prior to and simul- 
taneously with the formation of these microcracks, 
many of the piled-up dislocation groups will initiate 
plastic flow rather than cracks in regions where the 
adjoining material is more favorably oriented for 
flow. The initiation of one or more microcracks to- 
gether with some plastic flow is believed to trigger 
the abrupt yielding. During the subsequent drop in 
load (abrupt yielding) the microcracks grow in size 
and number and develop into a larger, more con- 
tinuous network until, at some point during the 
abrupt yielding, the Griffith conditions”™” for brittle 
crack propagation are achieved 

Stroh” has recently described, in mathematical 
terms, a theoretical model for abrupt yielding and 
brittle fracture in which he suggests that piled-up 
dislocations initiate abrupt yielding at temperatures 
above the transition temperature and brittle cracks 
at subtransition temperatures. In this work the 
necessity for some unknown amount of preyield 
train is implied (model begins with 
piled-up dislocations present), but is not treated in 
The model and mechanisms for abrupt 


nonelastic 


any detail 


yielding and brittle fracture derived by the experi- 
mental approach in the present paper are similar, 
in that both approaches utilize the generally known 
concept of piled-up dislocations to initiate flow o1 


fracture. In the present paper, however, the nature 
and magnitude of the preyield plastic strain is para- 
mount. Particular emphasis is directed at a deter- 
mination of the physical picture of what occurs in a 
tatic tension test prior to and at the upper yield 
point (beginning of fracture at subtransition tem- 
peratures), as well as during the drop in load which 
is associated with abrupt vielding. In general, the 
concepts developed by the two approaches are in 
yood agreement 

Discussion of Experimental Results 
mental data in Figs. 1 to 4 appear to confirm the 
concepts of yielding and brittle fracture developed 
above As 
quired to cause the initial movement of dislocation: 
increases. Likewise, the stress (upper yield point) 
required to cause piled-up dislocation groups to 
activate flow and/or fracture in adjoining material 
also increases, but to a much greater extent, as i 
illustrated by the increasing difference in stre: 
level between the proportional limit (0.01 pet yield 
trength) and the upper yield point, Figs. 1 to 4 
It is believed that the difference in stress level be- 
tween the upper yield point and the true elastic limit 
much greater extent. The 
es to cause abrupt 


The experi- 


temperature decreases, the stress re- 


even increases to a 
necessity for these higher stre 
yielding results in the formation of a more exten- 
ive and more dense accumulation of piled-up dis- 
locations with an associated increase of potential 


energy. Hence, as temperature decreases down to 
the transition temperature, more preyield plastic 
train precedes abrupt yielding, as shown in Figs. 1 
to 4 and 7. When the break-through of these high 
potential piled-up groups does occur (abrupt yield), 
it is reasonable to expect that greater amounts of 
plastic deformation and larger drops in load would 
also occur, as was observed experimentally, Fig 
1 to As temperature decreases, this occurrence 
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Fig. 4—Factors in 
volved in the early 
stages of plastic 
tlow. Annealed 
columbium tested in 
tension; strain rate, 
10x 10° sec’ 


of larger drops in load and larger amounts of plastic 
strain during the abrupt yield could arise from sev- 
eral sources: the presence of a more extensive and 
higher potential network of piled-up dislocations, 
the associated activation of larger numbers of other 
dislocation sources during the abrupt yielding, and 
the apparently decreased ability of the material to 
strain harden at the lower temperatures.*" 

At temperatures at or below the transition range, 
cracks are initiated by piled-up dislocations and 
brittle fracture occurs during subsequent yielding 
The increased ability with decreased temperature 
of piled-up dislocation groups to initiate micro- 
cracking and, in effect, to promote premature abrupt 
yielding, results in a decreased amount of preyield 
plastic strain, as shown in Figs. 1, 2, and 4. While 
tantalum, Fig. 3, did not undergo a ductile-to 
brittle transition at the lowest test temperature 
(196°C), its behavior for the temperature range 
examined conforms to the general pattern estab 
lished. The development of total fracture during 
vielding also results in a decrease in the magnitude 
of the drop in load and the associated plastic strain 
which occurs during yielding. The relative effec 
tiveness of piled-up dislocations in opening micro- 
cracks and initiating brittle fracture at or below the 
transition temperature varies considerably between 
with decreasing temperature 
The variation between mate- 


materials as well as 
for a given material 
rials may be seen by comparing the subtransition 
data of mild steel, Fig. 1, with that for molybdenum 
and columbium, Figs. 2 and 4. It is apparent from 
the mild steel data that, even at the very low tem- 
peratures, considerable plastic deformation is still 
associated with the brittle fracture both in terms of 
the preyield plastic strain and the plastic strain 
which occurs simultaneously with crack formation 
during abrupt yielding. The data for columbium, 
Fig. 4, and molybdenum, Fig. 2, show that relatively 
maller amounts of plastic strain occur prior to or 
during the abrupt yield-fracture proces; It is 
believed that this difference in behavior below the 
transition temperature arises primarily from the in- 
herent differences in the ability of the different 
materials to deform or fracture in the presence of 
the stress concentrations which exist in front of 
piled-up dislocation groups. For any given material 
decreasing temperature below the transition tem 
perature results in decreased amounts of preyield 
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t 


Fig. 5—Factors in 

volved in the early 

stages of plastic 

4 tlow at temperatures 
above the transition 


temperature 


tension) 


and abrupt yield plastic strain. The decrease in 


plastic strain at subtransition ternperature is quite 


rapid at first (in the lower transition range) and 


tends to become relatively constant at temperature 
below the transition range It is believed that thi 
increased ability for piled-up dislocations to initiate 


brittle failure at subtransition temperatures is in 


large part due to development of increased stre 


concentrations at the heads of piled-up dislocation 


vroups. Because of the increased resistance to pla 


tic flow and the associated rise in the general stre 


level, higher local stre concentrations can prevail 


after a relatively small pile up of di location 
The preyield behavior (above the transition tem 
je rature) can also vat conmsice rably in different 


lots of any one metal, as can be seen in the case of 
the two lots of tantalum in Fig. 7. This marked 
difference in behavior is undoubtedly related to 


variations of impurity content, grain size, micro- 


tructure, ete, with particular reference to the in- 


fluence of these factors on the propagation of di 


location The two lots of tantalum are currently 


bemy studied with particular reference to variation 


in the size hape, and distribution of dislocation 


barrie! 


The abruptness of the transition from an all pla 


tic deformation to a crack initiating type of yielding 
(ductile-to-brittle transition) is dependent to a 


large extent upon the particular metal and its chem 


ical and metallurgical condition. For instance, the 


total elongation data for mild steel, Fig. 1, illu 
trate that the duectile-to-brittle transition occur 
vradually over the temperature range ofl 160° to 


200 C. In this temperature range (upper tran 


tion range), plastic flow and some microcracks may 
be initiated during abrupt yielding. However, if 


ormed. the microcracks do not achieve the eritical 


conditions necessary to cause failure during initial 


abrupt yieldi Neverthele during ubsequent 


postyield plastic deformation the critical condition 


for brittle failure are achieved, either by the met 


er and/or rowth of existing yvield-produced mi 


croeracks and/or by the initiation and growth of 


new crack In this temperature range, the elonga 
tion data. Fie. 1, indicate that either a ductile or a 


brittle behavior | po ible 


If plastie flow is considered to be the re ult of the 


propagation of dislocation it is quite conceivable 


that. after a sufficient amount of deformation which, 


corre cine il o be al ociated with 


fram hardening qyrnie roup of dislocation could 
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be piled up and could develop sufficiently high lo- 
calized stress concentrations to initiate brittle cracks 
in much the same manner as previously described. 
Such would also be the case for metals which do 
not normally exhibit pronounced yielding but do 
fail in a brittle manner. Naturally, the physical 
makeup of the metal, with particular reference to 
the location, size, shape, and distribution of the bar- 
rier would exert considerable influence on the 
relative ability of dislocations to pile up and to 
cause microcracking 

In general, most body-centered-cubic metals ex- 
hibit a greater tendency for pronounced (sharp) 
yielding at lower temperatures, as illustrated by 
the experimental data for columbium, Fig. 4, and 
tantalum.’ Fig. 3, which do not exhibit a sharp yield 
point at room temperature, but yield emphatically 
at lower temperatures. The stress-strain curves for 
columbium, Fig. 8, markedly illustrate the various 
degrees of yielding which can be obtained over a 
rather narrow range of temperatures. At +25°C, 
no pronounced yielding occur At —50°C, a modest 
yield point is observed. A very pronounced yield 
occurs at —100°C with no well defined lower yield 
point. This accounts for the large values, Fig. 4, for 


the difference in stress between the upper and 
lower yield points and the amount of plastic strain 
occurring during the abrupt yield. The stress-strain 


curve for this particular test shows a continuous 
drop in load after initial pronounced yielding and 
fracture was taken as the lower yield point. This pro- 
nounced yield was accompanied by a 22 pet exten- 
ion in length and a reduction in area of 85 pet, 
illustrating an appreciable capacity for plastic flow 
with considerable localization of strain. However, 
during the next lower temperature test at 125°C, 
microcracks were apparently formed by piled-up 
dislocations resulting in premature abrupt yielding 
and brittle cleavage failure during the early stage 
of this yielding 

Some explanation of the criterion used for deter- 
mination of the lower yield point seems necessary 
at this time. In the present paper the lower yield 
point was taken as that point in the stress-strain 
curve ubsequent to abrupt yielding, where the 
load first showed any indication of rising. If no rise 
was observed, as in columbium at — 100°C, fracture 
was considered as the lower yield point. It might 
appear more reasonable in the case of the low tem- 
perature tests of tantalum and columbium to con- 


Fig. 6—Factors in 


volved in the early \ 
stages of plastic | ? 
flow at subtransition — 
temperatures 
(tension) 
-/ 
/ 
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sider stress-strain curve 


the lower yield 


the flat portion of the 
subsequent to abrupt yielding as 
point. If this latter option is chosen, appropriate 
reductions should be made in the values for the 
difference in stress between the upper and lower 
yield point and the plastic strain associated with 
the abrupt yielding for the —196°C test of tantalum, 
Fig. 3, and the —100°C test of columbium, Fig. 4 
Such changes would not affect the concepts pre- 
sented in the paper. However, the author prefers 
the lower yield point criterion used in the presenta- 
tion of the data, for experience has demonstrated 
that large precipitous drops in load and associated 
plastic strain continuous to fracture do occur during 
abrupt yielding in some metals, particularly at low 
temperatures. 

Undoubtedly, the influence of notches in promot- 
ing brittle failure (raising transition temperature) 
is in large part the result of a piling up of a con- 
centrated network of dislocations in the highly 
localized regions undergoing deformation at the root 
of the notch. A recent investigation’ illustrates the 
role of plastic strain in promoting brittle fracture 
in the presence of notches 


Summary and Conclusions 


The relationship of brittle fracture to the early 
tages of plastic particularly pro- 
nounced yielding, was examined in detail for body- 
metals. It i: that 
nonelastic deformation is a prerequisite 
for brittle failure in metals. Abrupt yielding and 
the transition from a ductile-to-brittle behavior are 
hown to be closely related to one another and to a 


deformation, 


concluded 
necessary 


centered-cubic some 


common origin. A mechanism for abrupt yielding 
and the ductile-to-brittle transition which is in 
sood agreement with experimental data is de 
cribed. The general mechanism is briefly sum- 


follow 
to an abrupt 


marized a 
1) Prion brittle 
many dislocations move through the lattice but are 
ubsequently An appreciable 
amount of plastic strain is associated with the piling 
up of these dislocation groups. The magnitude of 
this plastic strain increases with decreasing temper- 
ature, reaching a maximum at the transition tem- 
perature, which the plastic 
with decreasing test temperature 
2) At temperatures above the transition tempera- 
yielding when the stres 
that are present in the vicinity of piled 
group ufficiently high to 
istance to deformation and activate 


vield or fracture, 


piled up at barriers 


below train decreases 


ture, abrupt occul con- 
centration 
up dislocation become 


overcome the re 


Fig. 7—Plastic strain preceding abrupt yielding (tension) 
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Fig. 8—Eftect of 
temperature on the 
Stress strain curves 
of annealed 
columbium 


L 


other sources in the adjoining material, triggering 
a general catastrophic yielding 

3) At temperatures below the transition tempera 
ture, the plastic deformation 
great that the stress concentrations in 
regions of piled-up dislocation group 
ciently high to initiate microcracks in 
The achievement of these high 
and the resulting formation of 
with plastic deformation 
combined general catastrophic yielding and crack 
formation, terminating in complete brittle fracture 


is so 
the 
become suffi 
these 
localized 


resistance to 
some of 


area 
stresses 
some microcracks to 
vether 


some triggers a 
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= A. A. Griff 
‘ ‘ Discussion of th 


Diffusion of Magnesium, Silicon, And 


Molybdenum in Nickel 


Diffusion rates of magnesium, silicon, and molybdenum were measured in nickel as a 


function of temperature. Activation energies, 


Q, and values of the frequency factor, D.,, 


were calculated for each system. The activation energies obtained were found to be close to 
that for self-diffusion in nickel with the exception of magnesium, for which the value was 
found to be about 10 kcal per g-atom less. The results are interpreted in accordance with 
Lazarus’ theory of solute diffusion and with a model proposed by one of the authors. 


by R. A. Swalin, Allan 


he this paper, the results of an investigation con 
the diffusion of three element magne 
hunny heon, and molybdenum, in nickel are pre 
ented. The vork represents a continuation of a 
diffusion program relating to solute diffusion in 
niekel The program has the dual aim of obtaining 
iseful diffusion data and of yielding insight into the 
overning olute diffusion close put ked 

Phe first paper of th eres has been pub 

earl In both investigation n agreement 

vith recent results from other laborator. the a 
ivation ener. for olute diffusion were found to 
lose but not identical to that of self-diffusion in 

vent in question 
In order to obtain vald diffusion data, « 
cperimental pitfalls recognized only in recent 

md to be avoided Chief amon these were the 
hort-cireuiting diffusior 

rain boundarw and the nece ity 

olute concentration vradient In th 

tigations the following precaution 


were taken in an attempt to minimize such error 
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1) Samples with large grain sizes, 0.5 to 10 mm 
were prepared 

2) The diffusion coefficients were measured at 
relatively high temperatures, since imperfection 
uch as dislocations play a less important role at 
uch temperatures than at lower temperature 

3) Alloys containing less than | atomic pet were 
chosen for study 


Experimental Work 


Materials——A diffusion couple technique was em- 
ployed in the experimental investigation. Briefly 
this technique consisted of the following. A diffusion 
couple was fabricated by placing a flat face of a 
cylindrically shaped alloy disk against a similar face 
of a pure nickel disk, and a bond was formed at an 
intermediate temperature under pressure. The dif 
fusion couple thus fabricated wa ubjected to a 
diffusion anneal at higher temperatures for a mea 
ured period of time and then sectioned perpendicu- 
lar to the direction of diffusion. After analyzing the 
ections for solute concentration the diffusion co 
efficient was determined from a probability plot of 
concentration vs distance from the diffusion inter- 
face 

Vacuum melted Mond nickel was used in the ex 
perimental program. The chemical analysis of th 
nickel is listed in Table I, Alloys used were prepared 
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by vacuum melting and casting in the form of cy- 
lindrical ingots 1 in. in diam and about 4 in, in 
length 

Fabrication of Diffusion Couples—Cylindrical 
disks about 44 in. thick were cut from the ingots and 
deformed slightly by passing through rolls in a 
direction parallel to the planar faces. The disks 
were then recrystallized at 1300°C for the purpose 
of obtaining large grain size. This treatment yielded 
a final grain size varying from 0.5 to 10 mm 

A diffusion couple was made by placing a polished 
face of the desired alloy disk against a polished face 
of a pure nickel disk (or a disk containing less 
olute than the former) and forming a bond be 
tween the two disks by application of a pressure of 
12,000 psi at 1000 C in an atmosphere of hydrogen 
Several tungsten wires 0.001 in. in diam were placed 
at the interface before welding 

Diffusion Treatment—A_ diffusion couple thus 
fabricated was sealed under argon in a fused silica 
tube and heated to the desired diffusion anneal tem- 
perature. Upon completion of this treatment, the 
diffusion couple was mounted on a precision lathe 
and aligned accurately by using a cathetometer to 
ight on the ends of the tungsten wire markers. The 
markers were made visible by removing material 
from the cylindrical surface and polishing and etch- 
ing the The machining treatment removed 
material which might have been affected by surface 
diffusion. Extraneous material outside the diffusion 
zone Was removed and 1 mil thick slices were cut 
in the diffusion zone. About 40 slices were removed 
ome couples slices 2 mil thick were 


urtace 


altogether. In 
tuken 
Determination of Solute Concentration 
centration of the solute in the slices was determined 
by use of spectrophotometric methods of analysis in 
the Ni-Si and the Ni-Mo diffusion system and by 
the spectrographic method in the Ni-Mg system 
The spectrophotometric method used for the silicon 
determinations was based on the reaction between 
iicon ion and molybdate forming silicomolybdi 
acid in acid solution upon the addition of stannous 
Since the amount of silicon in any one 
lice was very small, on the order of 50 pg, the pos- 
ibility of contamination of solutions by the silicon 
in laboratory glassware was an important consid- 


The con- 


chloride 


eration. To minimize this source of error, redistilled 
water which had been distilled in a Pyrex glass ap- 
paratus and subsequently stored in polyethylene 
bottles was used in the analytical work. Silicon-free 
ammonium hydroxide was prepared by bubbling au 
through concentrated ammonium hydroxide and 
passing the ammonia saturated air into redistilled 
water. The resulting purified ammonium hydroxide 
was stored in polyethylene bottles rather than in 
gla to avoid silicon contamination. Similar pre 
cautions were taken with all other reagents used in 
the chemical work 

In the case of molybdenum a spectrophotometric 
method based on the formation of a yellow thio 
cyanite complex with Mo(1V) wa 
The details of the methods used for silicon and mo- 
lybdenum are given in refs. 2 and 3 

The standard spectrographic method was em 
ployed for magnesium. Suitable samples were pre 
pared by dissolving the Ni-Mg sections in nitric 
acid, evaporating the liquid, and igniting to form 
the oxide: 

Since the 

lish between magnesium present di 


adapted to ust 


pectrographic method cannot distin 


olved in the 
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Fig. 1—Log D vs 
reciprocal of ab 
solute temperature 
for the Ni-Mg, Ni Si, 
and Ni Mo systems 


nickel lattice, magnesium present as MgO particles, 
and magnesium present as MgN.,, it wa 
to avoid the formation of the latter two types of 
magnesium both in the formation of the magnesium 
alloy and in the diffusion process itself, Otherwise 
the measured concentration gradient after diffusion 
could not have been used to measure the diffusion 
coefficient of magnesium in the lattice, The presence 
of MeNi, particles was avoided by using alloys with 
less than the solubility of magnesium in nickel, 0.24 
atomic pet.’ The formation of MgO particles during 
the formation of the magnesium alloy was mini 
mized by the prior deoxidation of the nickel melt 
with aluminum. The formation of MgO particle: 
during the diffusion process was minimized by the 
use of nickel disks which had been deoxidized by 
the same amount of aluminum, 0 2 pet 

Since with di 
oxygen to form SiO,, the considerations discussed 
connection also. Upon addition 
olved 


necessary 


ilicon also would react olved 


above apply in thi 
of silicon to molten nickel, most of the di 
oxygen would probably react with sihheon, leaving 
a low concentration of dissolved oxygen. The pure 
nickel component of the diffusion couple might have 
a considerably higher oxygen concentration During 
the diffusion anneal, there could have been a net 
flow of dissolved oxygen toward the diffusion inter 
face, whereupon it would react with silicon, result 
ing ultimately in an erroneous result for the dif 
To compensate for thi potential 
ource of error silicon was added to both compo 
nent The alloy disks contained 1.25 atomic pet 
Si and the other component contained 0.21 atomic 
pet Si 

This problem encountered with magnesium and 
not present in the Ni-Mo diffusion sy 
trong deoxidizer 


fusion coefhicient 


iheon Wa 
tem since molybdenum is not 4 
Accordingly, alloy disks containing 0.93 atomic pet 
were placed in contact with pure ni kel disk 


Experimental Results 


The Grube solution to Fick’s second law of diffu 
found to be applicable in all cases The 


xX 
| | {1} 
2\/ Dt 


ion Wa 


olution is 


where C, is the solute concentration at a distance X 
from the diffusion interface, C,, 1s the 
tration in the alloy disk at time, tf 


ute concentration in the nickel disk 


olute concen 
0. C. is the sol 
and D is the 
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rit The nece ary condition to be 


for the above solution to be valid 
iz: 1) diffusion is unidirectional; 2) 
« considered as an infinite solid; and 
pendent of concentration. The first two 
Ne met by uitable experimental de 
condition wa hown to be valid 
plots of C C, vs X, on 
were obtained. If D had been a 
the concentration range employed 
nonlinear plots would have been 
ision coefficrent for each couple 


Comparison with i 


Table |. Analysis of Nickel 


Plement Klement 


002 

0001 

0 001 
0601 to 0.05 


diffusion coeflicients for each system ex- 


usual temperature dependence, namely 


D exp |—-Q/RT | [2] 
Where 1), is the frequency factor, @ is the activation 
enerpy, FR the was constant, and T is absolute 
lomperature In Fig. 1, the experimental value 
flow 1D) are plotted vs the reciprocal of the absolute 
three system From these 
were obtained using 


temperature tor the 
curves the diffusion parametet 
the method of least 
Il The real accuracy 


quares and are given in Table 
of the experimental data 1 
net apparent from Fig. 1. The seatter of points on 


the probability plots is more significant. Consider 
uble seatter occurred for the magnesium data due to 
analytical difficulty o the error of is probably 
1 keal pes that for molyb- 
ibout * 1 keal per g-atom. The seatter on 


the probability plots in the case of 


ibout utom wherea 
denum 
silicon was in 
+3 keal 


between the two giving an error of *2 o1 


Discussion of Results 


Phe results obtaimed in this investigation are con 

tent with the results obtained in the previou 
Investigation insofar a of D, and Q are con 
cerned. The values of Q@ in both investigations are 
in the vietnity of that for self-diffusion in nickel, re 
wiving support 
to the vacancy mechanism of solute diffusion. The 
highest activation energy reported out of the seven 
for tungsten, 76.8 keal per 

atom, while the lowest was for magnesium, re 
ported here to be 56 keal per g-atom. The result 
olutes fall between 61.4 and 68.9 

pe atom, all very close to @ for nickel. The 
h value reported for tungsten and the low value 


value 


ported to be 66.8 keal per g-atom 


olute investivated wa 


for the other five 


reported tor magnesium are probably correct since, 
investigation, 
tungsten was found to diffuse considerably 
than the other clements, which would lead to the 
expectation of a high value for Q. Likewise, mag- 
nesium diffused considerably faster than the other 
olute which would lead to a low value of Q. At 
1200 C, the value of D for tungsten is about 0.45 x 
10 m op ec, LD for magnesium is about 
und ID) for the other solute 


range of the 
slower 


lv q em per sec, 
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ranges from about 2.0 x 10" to 12.4 x 10° sq cm pe! 


The results reported in the earlier paper were 
analyzed with respect to the theory of solute dif- 
fusion proposed by Lazarus.” In this theory 

olute activation energy 
olvent is pre- 


verse correlation between 


and extra valence relative to the 
The choice of proper valence for nickel a 


dicted 


well as for olute 1 


ome of the transition element 
open to question. In the previous paper, good agree- 
ment between theory and experiment was found tf 
the following choice of valence was made: nickel 
(0), aluminum (+3), titanium (+4), manganese 
( 1), and tungsten (—2). The valence of 0 for 
nickel is the Hume-Rothery valence. Moving to the 
left in Period IVA, cobalt and iron would also have 
au valence of O using this reasoning. Manganese 
would, therefore, have a valence of 1 and chro- 
mium —2. Since molybdenum and tungsten are di 
rectly below chromium in Periods V and VI, re 
pectively, they would also be assigned valences of 

2. Aluminum and titanium were assigned thei 
chemical valences of +3 and 4, respectively. It is in- 
teresting to analyze the data presented in the pres- 
ent paper with the theory. The assigned valence 
using the above reasoning are the following 
nesium (+2), silicon (44), and molybdenum (-—2) 


Since titanium and silicon have the same valence 


Table 11. Diffusion Parameters 


solute Db, Sq Cm per See Y, Keal per G-Atom 


they would be expected to have the same value of 
@. This condition is fulfilled, since Q wa 
be 61.4 and 61.7 for titanium and silicon, respec 
tively 
On the 


found to 


same basis, molybdenum and tungsten 
hould have the same value of Q. Thi 
not met very well since Q is 68.9 for molybdenum 
and 76.8 for tungsten. The most serious discrepancy, 
however, occurs for magnesium. According to the 
above reasoning a value of 64.0 would be predicted 
for the activation energy for magnesium, which doe 
not agree with the experimental value of 56 

It appears, therefore, that Lazarus’ theory ha 
ome success in rationalizing the solute diffusion 
nickel if the Hume-Rothery 
scheme is used, A serious discrepancy, however, | 
found for two. solutes, 
molybdenum. The choice of valences needed to ob 
tain the agreement, however, casts considerable 
doubt on the applicability of Lazarus’ theory to the 
cost of diffusion in nickel. For example, ferromag 
netic studies with nickel indicate the valence to be 
0.6, not 0. Also, valence values for some of the 
olutes when dissolved in nickel are equally open to 
question and, hence, perhaps the agreement ob- 
served could be fortuitous, since it is not on strong 
vround from a theoretical standpoint 

Many of the features of the solute diffusion re- 
sults in nickel can be explained in terms of an al- 


condition | 


results in valence 


namely, magnesium and 


ternative model proposed by one of the authors in 
which the size of the impurity ion is considered 
In this model, the solute ion is considered to behave 
as a compressible sphere and part of the energy of 
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fulfilled in ent 
ire thie fol 
thie couple 
1) D ri 
conditior 
The 
trial 
probability 
function of 
the expe 
obtained | 
Pet 
‘ 022 
000 My 
Ws 0 001 te O01 Ca 
0 000 cr 
1 Co 
hibited the 
My 
61.7 
Mo 


jumping ts considered to result from the hydrostatic 
compression of the solute ion and part from the 
dilation of the solvent lattice. Using this model the 
been derived for diffusion in 
face-centered-cubic lattices 


following equation has 


1.29 (r’ 
Q 06Q [3] 
452bh,r 


13.3 (\/3 0.27 r)C 


where Q..,, is the activation energy for self-diffusion 
in the pure solvent; r is the Geldschmidt atomic 


Table II1, Comparison Between Theory and Experiment 


solute Experiment Theory 


4} keal per g-atom 16° keal per g-atom 


radius of the solvent ion; B,, the bulk modulus of 
the solute ion; C is related to the shear modulus of 
the solvent lattice: N is Avagadro’s number; and 
ris given by 
Br 
Br [4] 
where r, is the Goldschmidt atomic diameter for the 
solute ion and B is the bulk modulus of the solvent 
The comparison between theory and the experi 
mental results for the seven solutes in nickel is 


shown in Table Ill The agreement appears to be 
quite good except for titanium, where the difference 
between theory and considerably 
larger than expected on the basis of experimental 
error. These calculations are considered in more 
detail in ref. 7. It appears, therefore, that solute dif 
fusion in nickel can be interpreted satisfactorily in 
factor model without the necessity 


experiment Is 


terms of a size 
of invoking valence differences 


Summary 

Diffusion rates of magnesium, silicon, and molyb 
denum have been measured as a function of tem 
perature. The usual exponential temperature de 
pendence of D wa 
tion energy were found to be close to that for self 
diffusion in nickel with the exception of that for 
magnesium, which is about 10 keal per g-atom les 

The results obtained are generally consistent with 
those of an earlier investigation of solute diffusion 
in nickel. These results have been analy zed in ae 
theory and with a model 


found, and values of the activa 


cordance with Lazarus’ 
proposed by one of the authors 


Acknowledgment 


This work was performed under Bureau 
Contract No. NO bsr 6 3172 


References 


Martin: AIME Tran 

ol, 25, p 
Analytical 


Ward LIME 
1956 

610 

) 


Discussion « wip (2 « o AIME by Sept 1, 1057 
ippear 1958, and in Jouwnar ov 
Vin val 


Technical Note 


Determination of Orientation in Magnesium By Polarized Light Examination 


by S. L. Couling and G W. Pearsall 


OTT and Haines’ have summarized the avail 
able techniques for the examination of alumi 
num and metals under polarized 
light. Many of these techniques 
cated and cumbersome. This note presents a 
using polarized light to obtain 


ome anisotropi 
are rather compli 
impli 
fied procedure for 
information about the crystallographic orientation 
of any particular grain in a magnesium alloy. Since 
other hexagonal metals are more anisotropic than 
magnesium, similar methods might well be applied 
to them 

Ernst and Laves* produced a double-refracting 
layer on magnesium alloy specimens by successive 

5 L. COULING and G W. PEARSALL, Junior Member AIME, are 
associated with the Metallurgical Laboratory, Dow Chemical Co, 
Midland, Mich 
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etches in solutions of perchloric acid alcohol 
magnesium perchlorate in perchloric acid and al 
cohol, and calcium and magnesium carbonates in 
The y ¢ 
larized light and were able to determine the direc 
tion of the he 
from 4 measurement of the extinction behavior of 
that grain. The disadvantages of their technique 
were the complexity of the etching procedure and 


water xumined their specimens under po 


xuvonal ax) in any particular Mrain 


the explosive hazard of the perchloric acid-alcohol 
olution 

Result 
were obtained in this investigation afte 


equivalent to those of Ernst and Lave 

etching 
pecimens for 6 to 8 see in an acetic picral solution 
100 part 10 parts distilled 
water, and 5 part imilar etch ha 
used by metallographi 


containing 6 pet pieral 
acetic acid A 
(George in 


been earhet 
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nesium For examination unde po 


the metallograph used wa permit 
of an adjustable full 
between the specimen and polarize 
plate length 
to 


ore 


the insertion Wave re 
tardatio 


Phe retardation 


mi to occur, 


plate 

elective wave 
thie of 

rotation of the speci 
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been determined 
found 


permit 


causing color grain 


90 


vrained 


chanpe sharply with every 
ample in 
had 


technique, it wa 


mer Using a large 


onentations of several 
by the standard X-ray 
that the ¢ of the 
exactly parallel to a 
piece of the 
the color of that grain changed abruptly from blue 
to The amount of basal plane tilt in any 
be from the 


intensity vreatest 


Mrain 
basal plane in any grain wa 
hair in the eye 
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there 
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Were 


ambiguity of 


monal uxt 
everal ap 
the 
deforma 
currently being employed to study the 
orientation that result from 
und annealing. The results of these 
Will be reported in the near future 
deseribed briefly 
of preferred orrentation in an extruded mag 
The preferred of most 
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It ha 
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Fig. 2--Preterred orsentation profiles for positions A, B, C, 
and D in Fiq 1 
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Fig. 1|—Distribution of preter 
entially oriented grains in Mg 
3.1 pet Th alloy extrusion 
Polarized light with a Corning 
2-62 filter (No. 25). X50. Re 
duced approximately 25 pct for 
reproduction 


EXTRUSION DIRECTION 


that two maxi- 
throughout 
maxima are 


extruded magnesium strip is such 
mum basal densitie present 
most of the ion thickness. These 
usually rotated in Opposite directions from the nor- 
mal to the extrusion surface in a plane containing 
the surface normal and the extrusion direction 

The material used in this investigation was a Mg- 
3.1 pet Th alloy extruded at 900°F as 1/8 in. x 1% 
X-ray measurements have shown that thi 
a double peak at *35° throughout most of 
‘When a longitudinal cro ection of 
material was etched in acetic picral and exam- 
polarized light, the distribution of the 
vrains making up the two peaks was immediately 
apparent, Fig. 1. The dark grains appear blue unde 
polarized light and the basal traces of these 

counter-clockwise from the extrusion 
the light orange 
light and 


are 


pole 
extru 


In. strip 
alloy ha 
the thickne 
thi 


ined undet 


are rotated 
under 
ure rotated 
It 1 
rains 
urface, 
ur- 


Hrains appeal 
their basal 
clockwise from the extrusion direction 
that the left surface, A, almost all 
tilted counter-clockwise, while on the right 
D, almost all are tilted clockwise. Between the 
face layers, elongated clusters of of both ori- 
entation present, the two orientations alternat- 
ina laminar fashion. At positions A, B, C, and 
the thickne of the extrusion, the basal 
of 100 consecutive grains were measured 
nearest 5) and the result 
plots in Fig. 2. The length of a profile line 
at proportional to the number of grain 
in Which that particular basal tilt was measured. It 
is seen that the profile plot for each surface (A, D) 
how ingle orientation while the plots for the 
positions in the interior (B,C) show double orienta- 
In each case, the maxima occur at 
, Which agrees with the X-ray 
ults on other extruded alloy 
dicate that the laminar distribution observed 
is fairly typical. It is hoped that an explanation for 
the observed effect obtained by studying 
extrusion butts to see how change thei 
they deform tallize 
flowing toward the die opening 


direction 
polarized traces 
een 


on are 
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